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Description 

The present invention relates to a light-emitting gal- 
lium nitride-based compound semiconductor device 
and, more particularly, to a light-emitting compound s 
semiconductor device having a double-heterostructure 
capable of emitting high-power visible light ranging from 
near-ultravioiet to red, as desired, by changing the com- 
position of a compound semiconductor constituting an 
active layer (light-emitting layer). to 

Gallium nitride-based compound semiconductors 
such as gallium nitride (GaN), gallium aluminum nitride 
(GaAIN), indium gallium nitride (InGaN), and indium alu- 
minum gallium nitride (InAIGaN) have a direct band gap, 
and their band gaps change in the range of 1 .95 eV to is 
6 eV. For this reason, these compound semiconductors 
are promising as materials for light-emitting devices 
such as a light-emitting diode and a laser diode. 

For example, as a light-emitting device using a gal- 
lium nitride semiconductor, a blue light-emitting device 20 
in which a homojunction structure is formed on a sub- 
strate normally made of sapphire through an AIN buffer 
layer has been proposed. The homojunction structure 
includes a light-emitting layer formed of p-type impurity- 
doped GaN on an n-type GaN layer. As the p-type im- 25 
purity doped in the light-emitting layer, magnesium or 
zinc is normally used. However, even when the p-type 
impurity is doped, the GaN crystal has a poor quality, 
and remains an i-type crystal having a high resistivity 
almost close to an insulator. That is, the conventional 30 
light-emitting device is substantially of a MIS structure. 
As a light-emitting device having the MIS structure, lay- 
ered structures in which Si- and Zn-doped, i-type GaAIN 
layers (light-emitting layers) are formed on n-type 
CaAIN layers are disclosed in Jpn. Pat. Appln. KOKAI 35 
Publication Nos. 4-10665, 4-10666, and 4-10667. 

However, in the light-emitting device having the MIS 
structure, both luminance and light-emitting output pow- 
er are too low to be practical. 

In addition, the light-emrtting device of a homojunc- *o 
tion is impractical because of the low power output by 
its nature. To obtain a practical light-emitting device hav- 
ing a large output power, it is required to realize a light- 
emitting device of a single-heterostructure, and more 
preferably, a double-heterostructure. 

However, no light-emitting semiconductor devices 
of a double-heterostructure are known, in which the dou- 
ble-heterostructure is entirely formed of low-resistivity 
gallium nitride-based compound semiconductors, and 
at the same time, has a light-emitting layer consisting of so 
low- resistivity, impurity -doped InGaN. 

Jpn. Pat. Appln. KOKAI Publication Nos. 4-209577, 
4-236477, and 4-236478 disclose a light-emitting device 
having a double-heterostructure in which an InGaN 
light-emitting layer is sandwiched between an n-type In- 55 
GaAIN clad layer and a p-type InGaAIN clad layer. How- 
ever, the light-emitting layer is not doped with an impu- 
rity, and it is not disclosed or explicitly suggested that 



an impurity is doped into the light-emitting layer, in ad- 
dition, the p-type clad layer is a high-resistivity layer in 
fact. A similar structure is disclosed in Jpn. Pat. Appln. 
KOKAI Publication No. 64-17484. 

Jpn. Pat. Appln. KOKAI Publication 4-213876 dis- 
closes a structure in which an undoped InGaAIN light- 
emitting layer is formed on an electrically conductive 
ZnO substrate, and a high-resistivity InGaN layer is 
formed thereon. 

Jpn. Pat. Appln. KOKAI Publication No. 4-68579 
discloses a double-heterostructure having a p-type 
GalnN clad layer formed on an oxygen-doped, n-type 
GalnN light-emitting layer. However, another clad layer 
consists of electrically conductive ZnO. The oxygen is 
doped in the light-emitting layer to be lattice-matched 
with the ZnO. The emission wavelength of the light-emit- 
ting device having this double-heterostructure is 365 to 
406 nm. 

Document EP-A-0 496 030 describes a semicon- 
ductor light-emitting device formed of a multilayer het- 
erostructure. This multilayer structure particulary con- 
tains an InGaAt-layer forming the light-emitting element. 
This light-emitting layer does not contain any doping im- 
purities. 

All conventional light-emitting devices are unsatis- 
factory in both output power and luminance, and have 
no satisfactory luminosity. 

It is an object of the present invention to provide a 
double-heterostructure in which all of the light-emitting 
layer (active layer) and the clad layers are formed of low- 
resistively gallium nitride-based lll-V Group compound 
semiconductors, thereby realizing a semi-conductor de- 
vice exhibiting an improved luminance and/or light-emit- 
ting output power. 

It is another object of the present invention to pro- 
vide a light-emitting device excellent in luminosity. 

It is still another object of the present invention to 
provide an ultraviolet to red light -emitting device having 
a wavelength in the region of 365 to 620 nm. 

These objects are solved by a light-emitting semi- 
conductor device comprising the features of claim 1 . Ad- 
vantages embodiments of the light-emitting device of 
the present invention are defined in the dependent 
claims. 

According to an embodiment of the present inven- 
tion, there is provided a light-emitting gallium nitride- 
based compound semiconductor device having a dou- 
ble-heterostructure comprising: 

a light-emitting layer (active layer) having first and 
second major surfaces and formed of a low-resis- 
tivity ln x Ga 10( N (0 < x < 1) compound semiconduc- 
tor doped with an impurity; 

a first clad layer joined to the first major surface of 
the light- emitting layer and formed of an n-type gal- 
lium nitride-based compound semiconductor hav- 
ing a composition different from that of the com- 
pound semi-conductor of the light-emitting layer; 
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and 

a second clad layer joined to the second major sur- 
face of the light-emitting layer and formed of a low- 
resistivity, p-type gallium nitride-based compound 
semiconductor having a composition different from s 
that of the compound semiconductor of the light- 
emitting layer. 

In the first embodiment, the compound semicon- 
ductor of the light-emitting layer (active layer) is of p- to 
type, doped with a p-type impurity. 

In the second embodiment, the compound semi- 
conductor of the light-emitting layer (active layer) re- 
mains an n-type, doped with at least a p-type impurity. 

In the third embodiment, the compound semicon- is 
ductor of the light-emitting layer (active layer) is of n- 
type, doped with an n-type impurity. 

in an embodiment of the present invention, the com- 
pound semiconductor of the first clad layer is preferably 
represented by the following formula: 20 

Ga y A€ Vy N (0<y<1) 

The compound semiconductor of the second clad layer 25 
is preferably represented by the following formula: 

Ga z A£ V2 N (0<z<1) 

30 

This invention can be more fully understood from 
the following detailed description when taken in con- 
junction with the accompanying drawings, in which: 

FIG. 1 is a view showing a basic structure of a sem- 35 
iconductor light-emitting diode of the present inven- 
tion; 

FIG. 2 is a graph showing a relationship between 
the light intensity and the thickness of a light -emit- 
ting layer in the light-emitting semiconductor device *o 
of the present invention; 

FIG. 3 shows a photoluminescence spectrum of a 
low- resistivity, n-type ln x Ga l0( N light-emitting layer 
according to the second embodiment of the present 
invention; 45 
FIG. 4 shows a photoluminescence spectrum of an 
undoped ln x Ga 10t N light-emitting layer; 
FIG. 5 is a graph showing a relationship between a 
p-type impurity concentration in the light-emitting 
layer and the light intensity in the light-emitting sem- 50 
iconductor device according to the second embod- 
iment of the present invention; 
FIG. 6 is a graph showing a relationship between a 
p-type impurity concentration in a p-type clad layer 
and the light emission characteristics in the light- 55 
emitting semiconductor device according to the 
second embodiment of the present invention; 
FIG. 7 is a graph showing a relationship between 



an electron carrier concentration in the light-emit- 
ting layer and the light emission characteristics in 
the light-emitting semiconductor device according 
to the second embodiment of the present invention; 
FIG. 8 is a graph showing the light emission char- 
acteristics of the light-emitting semiconductor de- 
vice according to the second embodiment of the 
present invention; 

FIG. 9 is a graph showing a relationship between 
an n-type impurity concentration in a light-emitting 
layer and the light emission characteristics in a light- 
emitting semiconductor device according to the 
third embodiment of the present invention; 
FIG. 10 is a graph showing a relationship between 
a p-type impurity concentration in a p-type clad lay- 
er and the light emission characteristics in the light- 
emitting semiconductor device according to the 
third embodiment of the present invention; 
FIG. 11 shows a structure of still another light-emit- 
ting diode according to the present invention; and 
FIG. 12 is a view showing a structure of a laser di- 
ode of the present invention. 

The present invention provides a double-heter- 
ostructure in which all of the light-emitting layer and clad 
layers sandwiching the light-emitting layer are formed 
of low- resistivity gallium nitride-based lll-V Group com- 
pound semiconductors, and at the same time, the light- 
emitting layer is formed of an impurity-doped, low-resis- 
tivity ln x Ga Vx N compound semiconductor thereby real- 
izing a visible light emitting semiconductor device which 
is excellent in output power, luminance, and luminosity 
for the first time. .. f>J V 

The semiconductor device of the present invention 
includes a light-emitting diode (LED) and a laser diode 
(LD). " j. V 

The present invention will be described below in de- 
tail with reference to the accompanying drawings. The 
same reference numerals denote the same parts 
throughout the drawings. 

FIG. 1 shows a basic structure of an LED to which 
the present invention is applied. As shown in FIG. 1, an 
LED 10 of the present invention has a double-heter- 
ostructure 22 comprising a light-emitting layer (active 
layer) 16 formed of impurity-doped, low-resistivity (LR) 
I^Ga^N, a first clad layer 16 joined to the lower sur- 
face (first major surface) of the light-emitting layer 18 
and formed of an n-type, low- resistivity GaN-based III- 
V Group compound semiconductor, and a second clad 
layer 20 joined to the upper surface (second major sur- 
face) of the light-emitting layer 18 and formed of a p- 
type, low-resistivity GaN-based lll-V Group compound 
semiconductor. ln x Ga Vx N of the light-emitting layer 18 
is a gallium nitride-based lll-V Group compound semi- 
conductor. 

Because of the double-heterostructure, the com- 
pound semiconductor composition (except for impuri- 
ties) of the first clad layer 16 is different from that of the 
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light-emitting layer 18. The compound semiconductor 
composition of the second clad layer 20 is also different 
from that of the light-emitting layer 18. The compound 
semiconductor compositions of the clad layers 16 and 
20 may be the same or different. 

The present inventors have made extensive studies 
on the light-emitting device having all gallium nitride- 
based lll-V Group compound semiconductor double- 
heterostructure having high light emission characteris- 
tics, and found that, when the light-emitting layer is 
formed of I^Ga^N, and the ratio x of indium (In) is 
changed within the range of 0 < x < 1, a light-emitting 
device capable of emitting visible light ranging from 
near-ultraviolet to red can be obtained. The present in- 
ventors have also found that, when an impurity is doped 
in ln x Ga n . x N and ln x Ga Vx N has a low resistivity, a light- 
emitting device having improved light emission charac- 
teristics, especially a high output power, a high lumi- 
nance, and a high luminosity could be obtained. 

In the light-emitting device of the present invention, 
when the value of x in I^Ga^N of the light-emitting lay- 
er is close to 0, the device emits ultraviolet light. When 
the value of x increases, the emission falls in the longer- 
wavelength region. When the value of x is close to 1, 
the device emits red light. When the value of x is in the 
range of 0 < x < 0.5, the light-emitting device of the 
present invention emits blue to yellow light in the wave- 
length range of 450 to 550 nm. 

In the present invention, an impurity (also called as 
a dopant) means a p- or n-type impurity, or both of them. 
In the present invention, the p-type impurity includes 
Group II elements such as cadmium, zinc, beryllium, 
magnesium, calcium, strontium, and barium. As the p- 
type impurity, zinc is especially preferable. The n-type 
impurity includes Group IV elements such as silicon, 
germanium and tin, and Group VI elements such as se- 
lenium, tellurium and sulfur. 

In the present invention, "low-resistivity" means, 
when referred to a p-type compound semiconductor, 
that the p-type compound semiconductor has a resistiv- 
ity of 1 x 10 5 £Xcm or less, and when referred to an n- 
type compound semiconductor, that the n-type com- 
pound semiconductor has a resistivity of 10 Q.cm or 
less. 

Therefore, in the present invention, I n x Ga! . X N of the 
light-emitting layer 18 includes a low-resistivity, p-type 
ln x Ga l4C N doped with a p-type impurity (the first embod- 
iment to be described below in detail), a low-resistivity 
n-type ln x Ga vx N doped with at least a p-type impurity 
(the second embodiment to be described below in de- 
tail), or an n-type ln x Ga Vx N doped with an n-type impu- 
rity (the third embodiment to be described below in de- 
tail). 

In the present invention, the first clad layer 16 is 
formed of a low-resistivity n-type gallium nitride-based 
Ill-V Group compound semiconductor. Although the n- 
type gallium nitride-based Ili-V Group compound semi- 
conductor tends to be of an n-type even when undoped, 



it is preferable to dope an n-type impurity therein and 
positively make an n-type compound semiconductor. 
The compound semiconductor forming the first clad lay- 
er 1 6 is preferably represented by the following formula: 

5 

Ga y A€ Vy N (0<y<1) 

In the present invention, the second clad layer 20 
io is formed of a low-resistivity, p-type gallium nitride- 
based lll-V Group compound semiconductor doped with 
a p-type impurity. The compound semiconductor is pref- 
erably represented by the following formula: 

15 Ga 2 A€ w N(0<z<1) 

The first, n-type clad layer 16 normally has a thick- 
ness of 0.05 to 10 um and preferably has a thickness 
20 of 0.1 to 4 ujti. An n-type gallium nitride-based com- 
pound semiconductor having a thickness of less than 
0.05 tends not to function as a clad layer. On the other 
hand, when the thickness exceeds 10 urn, cracks tend 
to form in the layer. 
25 The second, .p-type clad layer 20 normally has a 
thickness of 0.05 to 1 .5 u/rt, and preferably has a thick- 
ness of 0.1 to 1 urn A p-type gallium nitride-based com- 
pound semiconductor layer having a thickness less than 
0.05 pm tends to be hard to function as a clad layer. On 
so the other hand, when the thickness of the layer exceeds 
1.5 pm, the layer tends to be difficult to be converted 
into a low- resistivity layer. 

In the present invention, the light-emitting layer 18 
preferably has a thickness within a range such that the 
35 light-emitting device of the present invention provides a 
practical relative light intensity of 90% or more. In more 
detail, the light-emitting layer 18 preferably has a thick- 
ness of 10A to 0.5 fim, and more preferably 0.01 to 0.2 
pm. FIG. 2 is a graph showing a measurement result of 
40 the relative light intensities of blue light-emitting diodes 
each having the structure shown in FIG. 1 . Each blue 
light-emitting diode was prepared by forming the light- 
emitting layer 18 made of low-resistivity ln 01 Ga 0 9 N 
while changing the thickness. As is apparent from FIG. 
45 2, when the thickness of the ln x Ga 10( N light-emitting lay- 
er is 10A to 0.5 pm : the semiconductor device exhibits 
a practical relative light intensity of 90% or more. The 
almost same relationship between the thickness andthe 
relative light intensity was obtained for the low-resistivity 
so p-type I^Ga^N doped with a p-type impurity, the low- 
resistivity: n-type ln x Ga Vx N doped with at least a p-type 
impurity, and the n-type Ir^Ga^N doped with an n-type 
impurity. 

Referring back to FIG. 1, the double-heterostruc- 
55 ture is normally formed on a substrate 12 through an 
undoped buffer layer 1 4. 

In the present invention, the substrate 12 can nor- 
mally be formed ot a material such as sapphire, silicon 
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carbide (SiC), or zinc oxide (ZnO), and is most normally 
formed of sapphire. 

In the present invention, the buffer layer 14 can be 
formed of AIN or a gallium nitride-based compound 
semiconductor. The buffer layer 14 is preferably formed 
of Ga m A€ 1 . m N (0 < m < 1). The Ga m A€ 1 . m N allows the 
formation of a gallium nitride-based compound semi- 
conductor (first clad layer 1 6) having a better crystallinity 
thereon than on AIN. As is disclosed in United States 
Patent Application Serial No. (USSN) 07/826,997 (=EP- 
A-0 497 350) filed on January 28, 1992 by Shuji NAKA- 
MURA and assigned to the same assignee, the 
Ga m A€-,. m N buffer layer is preferably formed at a rela- 
tively low temperature of 200 to 900° C, and preferably 
400 to 800°C by the metalorganic chemical vapor dep- 
osition (MOCVD) method. The buffer layer 1 4 preferably 
has substantially the same semiconductor composition 
as the first clad layer 16 to be formed thereon. 

In the present invention, the buffer layer 1 4 normally 
has a thickness of 0.002 u.m to 0.5 um 

In the present invention, the first clad layer 16, the 
light-emitting layer 18, and the second clad layer 20, all 
of which constitute the double-heterostructure, can be 
formed by any suitable method. These layers are pref- 
erably sequentially formed on the buffer layer 14 by the 
MOCVD. The gallium source which can be used for the 
MOCVD includes trimethylgallium and triethylgallium. 
The indium source includes trimethylindium andtriethyl- 
indium. The aluminum source includes trimethylalimi- 
num and triethylaluminum. The nitrogen source in- 
cludes ammonia and hydrazine. The p-type dopant 
source includes Group II compounds such as diethyl- 
cadmium, dimethylcadmium, cyclopentadienylmagne- 
sium, and diethylzinc. The n-type dopant source in- 
cludes Group IV compounds such as silane, and Group 
VI compounds such as hydrogen sulfide and hydrogen 
selenide. 

The gallium nitride-based lll-V Group compound 
semiconductor can be grown in the presence of the p- 
type impurity source and/or the n-type impurity source 
by using the above gas source at a temperature of 
600°C or more, and normally 1 ,200°C or less. As a car- 
rier gas, hydrogen, nitrogen or the like can be used. 

In an as-grown state, the gallium nitride-based III- 
V Group compound semiconductor doped with a p-type 
impurity tends to exhibit a high resistivity and have no 
p-type characteristics (that is, it is not a low-resistivity 
semiconductor) even if the compound semiconductor 
contains the p-type impurity. Therefore, as is disclosed 
in USSN 07/970,145 (=US-A-5 468 676) filed on No- 
vember 2, 1992 by Shuji NAKAMURA, Naruhito IWASA, 
and Masayuki SENOH and assigned to the same as- 
signee, the grown compound semiconductor is prefera- 
bly annealed at a temperature of 400°C or more, and 
preferably 600°C or more, for preferably one to 20 min- 
utes or more, or the compound semiconductor layer is 
preferably irradiated with an electron beam while kept 
heated to a temperature of 600 B C or more. When the 



compound semiconductor is annealed at such a high 
temperature that the compound semiconductor may be 
decomposed, annealing is preferably performed in a 
compressed nitrogen atmosphere to prevent the de- 

5 composition of the compound semiconductor. 

When annealing is performed, a p-type impurity in 
a form bonded with hydrogen, such as Mg-H and Zn-H, 
is released from the bonds with the hydrogen thermally, 
and the released hydrogen is discharged from the sem- 

*o iconductor layer. As a result, the doped p-type impurity 
appropriately functions as an acceptor to convert the 
high-resistivity semiconductor into a low-resistivity p- 
type semiconductor. Preferably, the annealing atmos- 
phere does not therefore contain a gas containing hy- 
drogen atoms (e.g., ammonia or hydrogen). Preferred 
examples of an annealing atmosphere includes nitrogen 
and argon atmospheres. A nitrogen atmosphere is most 
preferable. 

After the double-heterostructure is formed, as 

20 shown in FIG. 1 , the second clad layer 20 and the light- 
emitting layer 18 are partially etched away to expose the 
first clad layer 1 6. An n-electrode 24 is formed on the 
exposed surface, while a p-electrode 26 is formed on 
the surface of the first clad layer 20. The electrodes 24 

25 and 26 are preferably heat-treated to achieve ohmic 
contact to the semiconductor layers. Above-described 
annealing may be achieved by this heat treatment. 

The present invention has been generally de- 
scribed above. The first, second, and third embodiments 

30 will be individually described below. It should be under- 
stood that unique points of the respective embodiments 
will be particularly pointed out and explained, and the 
above general description will be applied to these em- 
bodiments unless otherwise specified, in the following 

35 description. \ V 

In the first embodiment of the present invention/- 
low-resistivity ln x Ga l0( N constituting the light -emitting 
layer 18 of the double-heterojunction structure shown in 
FIG. 1 is of p-type, doped with a p-type impurity. Condi- 

40 tion 0 < x < 0.5 is preferable to form the light-emitting 
layer having a good crystallinity and obtain a blue to yel- 
low light-emitting device excellent in the luminosity. 

In the first embodiment, the concentration of the p- 
type impurity doped in In^Ga^N of the light-emitting 

45 layer 1 8 should be higher than the electron carrier con- 
centration of a particular, corresponding undoped 
ln x Ga 1 . x N (The electron carrier concentration of an un- 
doped InGaN varies within a range of about I0 l7 /cm 3 to 
1 x lO^/cm 3 , depending on a particular growth condi- 

50 tion used). Subject to this condition, the p-type impurity 
concentration is preferably about 10 17 /cm 3 to 1 x 10 2 V 
cm 3 from the viewpoint of light emission characteristics 
of the device. The most preferable p-type impurity is 
zinc. As described above, the p-type impurity-doped In- 

55 GaN can be converted into a low-resistivity InGaN by 
annealing (preferred) or radiating the electron beam. 

In the second embodiment of the present invention, 
the low-resistivity l^Ga^N constituting the light-emit- 
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ting layer 18 of the structure shown in FIG. 1 isofn-type, 
doped with at least a p-type impurity. Condition 0 < x < 
0.5 is preferable to provide the light-emitting layer hav- 
ing a good crystallinity and obtain a blue to yellow light- 
emitting device excellent in the luminosity. In the second 
embodiment, the light-emitting layer should be subject- 
ed to the annealing treatment described above, since it 
contains a p-type impurity. 

In the second embodiment, when only a p-type im- 
purity is doped in ln x Ga Vx N layer 18, the concentration 
of the p-type impurity should be lower than the electron 
concentration of a corresponding undoped ln x Ga Vx N. 
Subject to this condition, the p-type impurity concentra- 
tion is preferably 1 X 10 16 /cm 3 to 1 X 1 0^/cm 3 from the 
viewpoint of the light-emitting characteristics of the de- 
vice. Especially, when zinc is doped as the p-type impu- 
rity at a concentration of 1 x 10 l7 /cm 3 to 1 x 10 21 /cm 3 , 
and especially 1 x 10 18 /cm 3 to 1 x l0 20 /cm 3 the lumi- 
nosity of the light-emitting device can be further im- 
proved and the luminous efficacy can be further in- 
creased. 

In the second embodiment, the second clad layer 
20 is as described above. However, when magnesium 
is doped as the p-type impurity at a concentration of 1 
x 10 18 /cm 3 to 1 x 10 21 /cm 3 , the luminous efficacy of 
the light-emitting layer 18 can be further increased. 

FIG. 3 is a diagram of the photoluminescence spec- 
trum of a wafer irradiated with a 10-mW laser beam from 
an He-Cd laser. The wafer was prepared such that a 
low-resistivity ln 0 14 Ga 0 layer doped with cadmium 
(p-type impurity) was formed, according to the second 
embodiment, on a GaN layer formed on a sapphire sub- 
strate. FIG. 4 is a diagram of the photoluminescence 
spectrum of a wafer prepared following the same pro- 
cedures except that the Ing^GaQ^gN layer was not 
doped with cadmium (undoped). 

As can be apparent from FIG. 3, the p-type impurity- 
doped, low-resistivity ln 0 14 Gao 86 N layer of the present 
invention exhibits strong blue light emission near 480 
nm. As can be apparent from FIG. 4, undoped 
ln 0 14 Ga 0 86 N layer not doped with a p-type impurity ex- 
hibits violet light emission near 400 nm. The same re- 
sults as in FIG. 3 were obtained when zinc, beryllium, 
magnesium, calcium, strontium, and/or barium was 
doped, instead of Cd, according to the present inven- 
tion. Thus, when the p-type impurity is doped in InGaN 
according to the present invention, the luminosity is im- 
proved. 

When the p-type impurity is doped in InGaN, the 
photoluminescence intensity can be greatly increased 
as compared to the undoped InGaN. In the device re- 
lating to FIG. 3, blue luminescence centers are formed 
in the InGaN by the p-type impurity, thereby increasing 
the blue luminescence intensity. FIG. 3 shows this phe- 
nomenon. In FIG. 3, a low peak appearing near 400 nm 
is the inter-band emission peak of the undoped 
ln 0 14 Ga 086 N and corresponds to the peak in FIG. 4. 
Therefore, in the case of FIG. 3, the luminous intensity 



is increased by 20 times or more as compared to FIG. 4. 

FIG. 5 is a graph obtained by measuring and plot- 
ting the relative light intensities and the Zn concentra- 
tions of blue light-emitting devices each having the 

5 structure of FIG. 1. Each device was prepared such that 
the concentration of the p-type impurity Mg of the sec- 
ond clad layer 20 was kept at 1 x 1 0 20 /cm 3 , while chang- 
ing the Zn concentration of the p-type impurity Zn-doped 
ln 01 Ga 09 N of the light-emitting layer 18. As shown in 

io FIG. 5, the light-emitting device exhibits a practical rel- 
ative intensity of 90% or more in the Zn concentration 
range of 1 x l0i 7 /cm 3 to 1 x lO^Vcm 3 and the highest 
relative light intensity (almost 100%) in the Zn concen- 
tration range of 1 x 10 18 /cm 3 to 1 X 10 20 /cm 3 . 

is FIG. 6 is a graph obtained by measuring and plot- 
ting the relative light intensities and the Mg concentra- 
tions of blue light-emitting devices each having the 
structure of FIG. 1 . Each device was prepared such that 
the Zn concentration of the p-type impurity Zn-doped 

20 ln 0/l Ga a9 N of the light -emitting layer 18 was kept at 1 
x 10 20 /cm 3 , while changing the concentration of the p- 
type impurity Mg of the second clad layer 20. As shown 
in FIG. 6, the light intensity of the light-emitting device 
tends to rapidly increase when the Mg concentration of 

25 the clad layer 20 exceeds 1 x 10 17 /cm 3 and the light 
intensity tends to rapidly decrease when the Mg con- 
centration exceeds 1 x I0 21 /cm 3 . FIG. 6 clearly shows 
that the light-emitting device exhibits a practical relative 
intensity of 90% or more (almost 1 00%) when the p-type 

30 impurity concentration of the second clad layer 20 is in 
the range of 1 x I0 18 /cm 3 to 1 x 10 21 /cm 3 In FIGS. 5 
and 6, the impurity concentrations were measured by a 
secondary ion mass spectrometer (SIMS). 

It is found that, more strictly the electron carrier 

35 concentration in the I^Ga^N layer is preferably in the 
range of 1 X 10 17 /cm 3 to 5 X lO^Vcm 3 when at least a 
p-type impurity is doped in ln x Ga Vx N to form an n-type 
ln x Ga Vx N light-emitting layer having a low resistivity of 
10 Q.cm or less. The electron carrier concentration can 

40 be measured by Hall effects measurements. When the 
electron carrier concentration exceeds 5 X 10 21 /cm 3 it 
is difficult to obtain a light-emitting device exhibiting a 
practical output power. The electron carrier concentra- 
tion is inversely proportional to the resistivity. When the 

45 electron carrier concentration is less than 1 x 1 0 1€ /cm 3 , 
InGaN tends to be high -resistivity i-type InGaN, and the 
electron carrier concentration cannot be measured. The 
impurity to be doped may be only a p-type impurity, or 
both p-and n-type impurities. More preferably, both p- 

50 and n-type impurities are doped. In this case, zinc as 
the p-type impurity and silicon as the n-type impurity are 
preferably used. Each of zinc and silicon is preferably 
doped at a concentration of 1 x 10 17 /cm 3 to 1 x 10 2 V 
cm 3 . When the concentration of zinc is lower than that 
55 of silicon, InGaN can be converted into preferable n-type 
InGaN. 

When InGaN not doped with an impurity is grown, 
nitrogen lattice vacancies are created to provide n-type 
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InGaN. The residual electron carrier concentration of 
this undoped n-type InGaN is about 1 x I0 l7 /cm 3 to 1 
X tO^/cm 3 depending on a growth condition used. By 
doping a p-type impurity serving as a luminescence 
center in the undoped n-type InGaN layer, the electron 
carrier concentration in the n-type InGaN layer is de- 
creased. Therefore, when the p-type impurity is doped 
in InGaN such that the electron carrier concentration is 
excessively decreased, n-type InGaN is converted into 
high -resistivity i-type InGaN. When the electron carrier 
concentration is adjusted to fall within the above range 
according to the present invention, the output power is 
increased. This indicates that the p-type impurity serv- 
ing as the luminescence center performs emission by 
forming donor-acceptor (D-A) light-emitting pairs with 
the donor impurity. The detailed mechanism has not 
been clarified yet. However, it is found that, in the n-type 
InGaN in which both donor impurity (e.g., the n-type im- 
purity or nitrogen lattice vacancy) for making some elec- 
tron carriers and the p-type impurity serving as an ac- 
ceptor impurity are present, the light intensity by the for- 
mation of the luminescence centers is apparently in- 
creased. Since an increase in the number of light-emit- 
ting pairs attributes to an increase in light intensity as 
described, not only p-type impurity but also n-type im- 
purity is preferably doped in InGaN. More specifically, 
when the n-type impurity (especially silicon) is doped in 
InGaN doped with the p-type impurity (especially zinc), 
the donor concentration is increased, and at the same 
time, a constant donor concentration with good repro- 
ducibility can be obtained, unlike in undoped InGaN in 
which the electron carrier concentration varies depend- 
ing on the growth condition as described above, and in 
which the donor concentration having a constant resid- 
ual concentration with good reproducibility is hardly ob- 
tained. In fact, it is found that, by doping silicon, the elec- 
tron carrier concentration is increased from about 1 x 
10 18 /cm 3 to 2 x 10 19 /cm 3 by one figure, and the donor 
concentration is thus increased. Therefore, the amount 
of zinc to be doped can be increased by the increased 
amount of the donor concentration , and accordingly, the 
number of D-A light-emitting pairs can be increased, 
thereby increasing the light intensity. 

FIG. 7 is a graph obtained by measuring and plot- 
ting the relative output powers of blue light-emitting di- 
odes and the electron carrier concentrations in the In- 
GaN layers (measured by Hall effects measurements 
after growth of the InGaN layer). The blue light-emitting 
diode was prepared such that an Si-doped n-type GaN 
layer was grown on the sapphire substrate, a Zn-doped 
n-type ln 0 15 Ga oa5 N layer was grown thereon while 
changing the Zn concentration, and an Mg -doped p-type 
GaN layer was grown. The points in FIG. 7 correspond 
to electron carrier concentrations of 1 x 10 16 , 1 x 10 17 , 
4 X 10 17 , 1 X 10 18 , 1 x 10 19 , 4X 10 19 , 1 x 10 20 , 3 x 
10 20 , 1 x 10 21 , and 5 x I0 21 /cm 3 from the left, respec- 
tively. 

As shown in FIG. 7, the output power of the light- 



emitting device changes depending on the electron car- 
rier concentration in the n-type InGaN light-emitting lay- 
er. The output power starts to rapidly increase at an elec- 
tron carrier concentration of about 1 x I0 16 /cm 3 reach- 
5 es the maximum level at about 1 x 1 0 19 /cm 3 slowly de- 
creases until 5 X 1 0 21 /cm 3 , and rapidly decreases when 
the electron carrier concentration exceeds that point. As 
is apparent from FIG. 7, when the electron carrier con- 
centration in the n-type InGaN layer is in the range of 1 
io x 10 17 /cm 3 to 5 X 102Vcm 3 , the light-emitting device 
exhibits an excellent output power. 

FIG. 8 shows the light intensity when a laser beam 
from an He-Cd laser was radiated on the n-type 
ln 0J 5Ga 0 85 N layer doped with only zinc at a concentra- 
15 tion of 1 X 10 18 /cm 3 and the n-type ln 0 >15 Ga 0 85 N layer 
doped with zinc and silicon at concentrations of 1 X 
10 19 /cm 3 and 5 x 10 19 /cm 3 respectively, and the pho- 
toluminescence was measured at room temperature. 
The measurement result about the n-type ln 0 15 Ga 085 N 
20 layer doped with only zinc is represented by a curve a, 
and the measurement result about the n-type 
,n o.i5 Ga o.85 N la y er doped with zinc and silicon is repre- 
sented by a curve b (in the curve b : measured intensity 
is reduced to 1/20). Although the both InGaN layers ex- 
hibit the major light-emitting peaks at 490 nm, the n-type 
InGaN layer doped with both zinc and silicon exhibits a 
light intensity ten times or more that of the n-type InGaN 
layer doped with only zinc. * 

In the third embodiment of the present invention, 
low-resistivity Ir^Ga^N constituting the light-emitting 
layer IB of the structure of FIG. 1 is of n-type, doped 
with only an n-type impurity. Condition 0 < x < 0.5 is pref- 
erable to provide a light-emitting layer semiconductor 
having a good crystallinity and obtain a blue light-emit- 
ting device excellent in the luminosity. 

In the third embodiment, the n-type impurity doped 
in ln x Ga 10( N of the light-emitting layer 18 is preferably 
silicon (Si). The concentration of the n-type impurity'is 
preferably 1 x 10 17 /cm 3 to 1 x 10 2 Vcm 3 from the view- 
point of the light emission characteristics, and more 
preferably 1 x 10 18 /cm 3 to 1 x l0 20 /cm 3 . 

In the third embodiment, as in the second embodi- 
ment, the second clad layer 20 is as already described 
above. However, when magnesium is used as the p- 
type impurity, and is doped at a concent ration of 1 x 
10 18 /cm 3 to 1 x lO^/cm 3 the luminous efficacy of the 
light-emitting layer 18 can be further increased. 

FIG. 9 is a graph obtained by measuring and plot- 
ting the relative light intensities and the Si concentra- 
tions of blue light-emitting devices each having the 
structure of FIG. 1 . Each device was prepared such that 
the concentration of the p-type impurity Mg of the sec- 
ond clad layer 20 was kept at 1 x 1 0 1 9 /cm 3 , while chang- 
ing the Si concentration of the n-type impurity Si-doped 
ln 0 jGao gN of the light-emitting layer 13. As shown in 
FIG. 9, the light-emitting device exhibits a practical rel- 
ative intensity of 90% or more in the Si concentration 
range of 1 x 10 17 /cm 3 to 1 x 10 2l /cm 3 , and the highest 
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relative light intensity (almost 100%) in the Si concen- 
tration range of 1 x 10 l8 /cm 3 to 1 x lO^/cm 3 . 

FIG. 10 is a graph obtained by measuring and plot- 
ting the relative light intensities and the Mg concentra- 
tions ot blue light-emitting devices each having the 
structure of FIG. 1. Each device was prepared such that 
the Si concentration of the n-type impurity Si-doped 
ln 0 nGaosN of the light-emitting layer 18 was kept at 1 
x 10 l9 /cm 3 , while changing the concentration of the p- 
type impurity Mg of the second clad layer 20. As shown 
in FIG. 10, the light intensity of the light-emitting device 
tends to rapidly increase when the Mg concentration of 
the second p-type clad layer 20 exceeds 1 X 10 17 /cm 3 , 
and to rapidly decrease when the Mg concentration ex- 
ceeds 1 x 10 21 /cm 3 FIG. 10 shows that the light-emit- 
ting device exhibits a practical relative intensity of 90% 
or more (almost 100%) when the p-type impurity con- 
centration of the second clad layer 20 is in the range of 
1 x 10 1B /cm 3 to 1 x I0 21 /cm 3 . In FIGS. 9 and 10, the 
impurity concentrations were measured by the SIMS. 

In the third embodiment, the light-emitting device 
having the double-heterostructure of the present inven- 
tion uses inter-band emission of the n-type InGaN layer. 
For this reason, the half width of the emission peak is 
as narrow as about 25 nm, which is 1/2 or less that of 
the conventional homojunction diode. In addition, the 
device of the present invention exhibits an output power 
four times or more that of the homojunction diode. Fur- 
ther, when the value of x of ln x Ga-,. x N is changed in the 
range of 0.02 < x < 0.5, emission within the wavelength 
region of about 3B0 nm to 500 nm can be obtained as 
desired. 

FIG. 11 shows a structure of a more practical light- 
emitting diode 30 having a double-heterostructure of the 
present invention. 

The light-emitting diode 30 a double-heterostruc- 
ture 22 constituted by an impurity-doped I^Ga^N 
light-emitting layer 1 8, and two clad layers sandwiching 
the light-emitting layer 18, i.e., an n-type gallium nitide- 
based compound semiconductor layer 16 and a p-type 
gallium nitride-based compound semiconductor layer 
20, as described above in detail. 

A buffer layer 14 described above in detail is formed 
on a substrate 20 described above in detail. An n-type 
GaN layer 32 is formed on the buffer layer 14 to a thick- 
ness of , for example, 4 to 5 urn, and provides a contact 
layer for an n-electrode which is described below. The 
n-type contact layer 32 allows the formation of a clad 
layer 16 having a better c ry stall in ity, and can establish 
a better ohmic contact with the n-electrode. 

The double-heterostructure 22 is provided on the n- 
type contact layer 32, with the clad layer 1 6 joined to the 
contact layer 32. 

A p-type GaN contact layer 34 is formed on the clad 
layer 20 to a thickness of, for example, 50nm to 2 urn. 
The contact layer 34 establishes a better ohmic contact 
with a p-electrode described below, and increases the 
luminous efficacy of the device. 



The p-type contact layer 34 and the double-heter- 
ostructure 22 are partially etched away to expose the n- 
type contact layer 32. 

A p-electrode is provided on the p-type contact layer 
5 34, and an n-electrode is provided on the exposed sur- 
face of the n-type contact layer 32. 

The light-emitting diodes embodying the present in- 
vention have been described above. However, the 
present invention should not be limited to these embod- 
io iments. The present invention encompasses various 
types of light-emitting devices including a laser diode, 
so far as those devices have the double-heterostruc- 
tures of the present invention. 

FIG. 1 2 shows a structure of a laser diode 40 having 
is a double-heterostructure of the present invention. 

The laser diode 40 has a double-heterostructure 
constituted by an impurity-doped ln x Ga Vx N active layer 
1 8 described above in detail in association with the light- 
emitting diode, and two clad layers sandwiching the ac- 
20 tive layer 1 8, i.e., an n-type gallium nitride-based com- 
pound semiconductor layer 16 and a p-type gallium ni- 
tride-based compound semiconductor layer 20, as de- 
scribed above. A buffer layer 14 described above in de- 
tail is formed on a substrate 12 described above in de- 
25 tail. An n-type gallium nitride layer 42 is formed on the 
buffer layer 14, providing a contact layer for an n-elec- 
trode described below. 

The double-heterostructure 22 is provided on the n- 
type gallium nitride contact layer 42, with the clad layer 
30 joined to the contact layer 42. 

A p-type GaN contact layer 44 is formed on the clad 
layer 20. 

The p-type contact layer 44, the double heterostruc- 
ture 22 and part of the n-type contact lay er 42 are etched 

35 away to provide a protruding structure as shown. A p- 
electrode is formed on the p-type contact layer 44. A 
pair of n-electrodes 24a and 24b are formed on the n- 
type GaN layer 42 to oppose each other, with the pro- 
truding structure intervening therebetween. 

40 For example, the substrate 12 is a sapphire sub- 
strate having a thickness of 1 00 um, the buffer layer 14 
is a GaN buffer layer having a thickness of 0.02 um, and 
the n-type GaN contact layer 42 has a thickness of 4 
um. The first clad layer 16 is an n-type GaAIN clad layer 

45 having a thickness of 0.1 um, the second clad layer 20 
is a p-type GaAIN clad layer having a thickness of 0.1 
um, and the active layer 1 8 is an n-type layer doped with 
silicon or germanium. The p-type GaN contact layer 44 
has a thickness of 0.3 urn. 

50 The present invention will be described below with 
reference to the following examples. In the examples 
below, a compound semiconductor was grown by the 
MOCVD method. An MOCVD apparatus used is a con- 
ventional MOCVD apparatus having a structure in which 

55 a susceptor for mounting a substrate thereon is ar- 
ranged in a reaction vessel, and raw material gases can 
be supplied together with a carrier gas toward a sub- 
strate while the substrate is heated, thereby growing a 
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compound semiconductor on the substrate. 
Example 1 

Cleaning of Substrate : 

First, a sapphire substrate sufficiently washed was 
mounted on a susceptor in an MOCVD reaction vessel, 
and the atmosphere in the reaction vessel was suffi- 
ciently substituted with hydrogen. Subsequently, while 
hydrogen was flown, the substrate was heated to. 
1 5 050 o C, and this temperature was held for 20 minutes, 
thereby cleaning the sapphire substrate. 

Growth of Buffer Layer : 

The substrate was then cooled down to 510°C. 
While the substrate temperature was kept at 51 0°C, am- 
monia (NH 3 ) as a nitrogen source, trimethylgallium 
(TMG) as a gallium source, and hydrogen as a carrier 
gas were kept supplied at flow rates of 4 liters (L)/min, 
27 x 10" 6 mol/min, and 2 L/min, respectively, toward the 
surface of the sapphire substrate for one minute. Thus, 
a GaN buffer layer having a thickness of about 20nm 
was grown on the sapphire substrate. 

Growth of First Clad Layer : 

After the buffer layer was formed, only the supply 
of TMG was stopped, and the substrate was heated to 
1,030°C. While the substrate temperature was kept at 
1,030°C, the flow rate of TMG was switched to 54 X 
10* 6 mol/min, silane gas (SiH 4 ) as an n-type impurity 
was added at a flow rate of 2 x 10" 9 mol/min, and each 
material gas was supplied for 60 minutes. Thus, an n- 
type GaN layer, doped with Si at a concentration of 1 X 
10 20 /cm 3 , having a thickness of 4 u,m was grown on the 
GaN buffer layer. 

Growth of Light-Emitting Layer : 

After the first clad layer was formed, the substrate 
was cooled down to 800° C while flowing only the carrier 
gas. While the substrate temperature was kept at 
800° C, the carrier gas was switched to nitrogen at a flow 
rate of 2 L/min, and TMG as a gallium source, trimeth- 
ylindium (TMI) as an indium source, ammonia as a ni- 
trogen source, and diethylcadmium as a p-type impurity 
source were supplied at flow rates of 2 x 10" 6 mol/min, 
1 x 10' 5 mol/min, 4 LVmin, and 2 x 10* 6 mol/min, re- 
spectively, lor ten minutes. Thus, an n-type 
ln 0 14 Ga 0 .86 N ,aver « doped with Cd at a concentration of 
1 x lO^/cm 3 , having a thickness of 20nm was grown 
on the first clad layer. 

Growth of Second Clad Layer : 

After the light-emitting layer was formed, the sub- 



strate was heated to 1 ,020°C while flowing only the car- 
rier gas nitrogen. While the substrate temperature was 
kept at 1,020°C, the carrier gas was switched to hydro- 
gen, a gallium source, TMG, a nitrogen source, ammo- 

s nia, a p-type impurity source, cyclopentadienylmagne- 
sium (Cp 2 Mg), were supplied at flow rates of 54 x 10" 6 
mol/min, 4 L/min, 3.6 x 10' 6 mol/min, respectively, for 
15 minutes. Thus, a p-type GaN layer, doped with Mg 
at a concentration of 1 x 10 20 /cm 3 , having a thickness 

10 of 0.8 u.m was grown on the light -emitting layer. 

Conversion into Low- Resistivity Layer : 

After the second clad layer was grown, the wafer 
1 $ was taken out of the reaction vessel. The wafer was an- 
nealed under nitrogen at a temperature of 700°C or 
more for 20 minutes. Thus, the second clad layer and 
the light-emitting layer were converted into low-resistiv- 
ity layers. 

20 

Fabrication of LED : 

The second clad layer and the light-emitting layer 
of the wafer obtained above were partially etched away 

2S to expose the first clad layer. An ohmic n-electrode was 
formed on the exposed surface while an ohmic p-elec- 
trode was formed on the second clad layer. The wafer 
was cut into chips each having a size of 500 u.m 2 , and 
a blue light-emitting diode was fabricated by a conven- 

30 tional method. 

The blue light-emitting diode exhibited an output 
power of 300 u,W at 20 mA, and its emission peak waver, 
length was 480 nm. The luminance of the light-emitting 
diode measured by a commercially available luminance 

35 meter was 50 or more times that of a light-emitting diode 
of Example 5 to be described later. , f 

Example 2 

40 a blue light-emitting diode was prepared following 
the same procedures as in Example 1 except that, in the 
growth process of a buffer layer, trimethylaluminum 
(TMA) was used, instead of TMG, to form an AIN buffer 
layer on a sapphire substrate at a substrate temperature 

45 of 600* C. 

The blue light-emitting diode exhibited an output 
power of 80 u.W at 20 mA, and its emission peak wave- 
length was 480 nm. The luminance of the light-emitting 
diode was about 20 times that of a light-emitting diode 

so of Example 5 to be described later. 

Example 3 

Cleaning of a substrate and the growth of a buffer 
55 layer were performed following the same procedures as 
in Example 1 . 

After the buffer layer was formed, only the TMG flow 
was stopped, and the substrate was heated to 1 ,030° C. 
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While the substrate temperature was kept at 1,030°C, 
and the flow rate of ammonia was not changed, the flow 
rate of TMG was switched to 54 x 10' 6 mol/min, and an 
aluminum source, TMA, and a p-type impurity source, 
silane gas (SiH 4 ), were added at flow rates of 6 x 10" 6 
mol/min and 2 x 10* 9 mol/min, respectively, and each 
gas was supplied for 30 minutes. Thus, an n-type 
Ga 09 A€ 01 N layer (first clad layer), doped with Si at a 
concentration of 1 x 10 20 /cm 3 , having a thickness of 2 
ujti was grown on the GaN buffer layer. 

A light-emitting layer was subsequently grown fol- 
lowing the same procedures as in Example 1 , to form a 
Cd-doped, n-type Ino^GaoagN layer having a thick- 
ness of 20nm. 

After the light-emitting layer was formed, supply of 
all the raw material gases was stopped, and the sub- 
strate was heated to 1 ,020°C. While the substrate tem- 
perature was kept at 1,020°C, and the flow rate of the 
carrier gas was not changed, a gallium source, TMG, 
an aluminum source, TMA, a nitrogen source, ammonia, 
and a p-type impurity source, Cp 2 Mg, were supplied at 
flow rates of 54 x 10* 6 mol/min, 6 x 10" 6 mol/min, 4 U 
min, and 3.5 x 10" 6 mol/min, respectively, for 15 min- 
utes. Thus, a p-type Ga 0 9 A€ 0 A N layer (second clad lay- 
er), doped with Mg at a concentration of 1 x lO^/cm 3 , 
having a thickness of 0.8 (am was grown on the light- 
emitting layer. 

The annealing treatment and fabrication of a diode 
from the wafer were performed following the same pro- 
cedures as in Example 1 , to prepare a blue light-emitting 
diode. 

The blue light-emitting diode obtained above exhib- 
ited the same output power, the same emission wave- 
length, and the same luminance as in the diode of Ex- 
ample 1 . 

Example 4 

A blue light-emitting diode was prepared following 
the same procedures as in Example 1 except that, in the 
growth process of a light-emitting layer, Cp 2 Mg was 
used instead of diethylcadmium at the same flow rate to 
grow an Mg-doped, p-type in 0 14 Ga 0 86 N light-emitting 
layer. 

The blue light-emitting layer obtained above exhib- 
ited the same output power, the same emission wave- 
length, and the same luminance as in the diode of Ex- 
ample 1 . 

Example 5 

A homoj unction GaN light-emitting diode was pre- 
pared following the same procedures as in Example 1 
except that no light-emitting InGaN layer was grown. 

The light-emitting diode exhibited an output power 
of 50 p.W at 20 m A. The emission peak wavelength was 
430 nm, and the luminance was 2 millicandela (mcd). 



Example 6 

A blue light-emitting diode was prepared following 
the same procedures as in Example 1 except that, in the 
5 growth process of a light-emitting layer, silane gas at a 
flow rate of 2 x 10- 9 mol/min was used, instead of 
dimethylcadmium, to form n-type ln 0 .-uGaoasN light- 
emitting layer doped with Si at a concentration of 1 x 
lO^/cm 3 . 

70 The light-emitting diode exhibited an output power 
output of 120 jiW at 20 mA. The emission peak wave- 
length was 400 nm, and the luminance was about 1/50 
that of the diode in Example 1 . The low luminance was 
due to the short wavelength of the emission peak to low- 
is erthe luminosity. 

Example 7 

Cleaning of a substrate, the growth of a buffer layer, 

20 and the growth of a first clad layer (Si-doped, n-type 
GaN layer) were performed following the same proce- 
dures as in Example 1 . 

After the first clad layer was formed, a light-emitting 
layer was grown as in Example 1 except that diethylzinc 

25 (DE2) at a flow rate of 1 x 10* 6 mol/min was used, in- 
stead of diethylcadmium, to form an n-type 
ln 0 15 Ga 0 ssN layer (light-emitting layer), doped with Zn 
at a concentration of 1 x 10 19 /cm 3 , having a thickness 
of 20nm on the first clad layer. 

30 A second clad layer was subsequently grown fol- 
lowing the same procedures as in Example 1, to form 
an Mg-doped, p-type GaN layer having a thickness of 
0.8 um The annealing treatment and fabrication of a 
diode from the wafer were performed following the same 

35 procedures as in Example 1, to prepare a blue light- 
emitting diode. 

The light-emitting device exhibited an output power 
of 300 u.W at 20 mA. The emission peak wavelength was 
480 nm, and the luminance was 400 mcd. 

40 

Example 8 

Cleaning of a substrate and the growth of a buffer 
layer were performed following the same procedures as 
45 in Example 1. 

A first clad layer was grown following the same pro- 
cedures as in Example 3, to form an Si-doped, n-type 
Gao 9 A€ 0 A N layer having a thickness of 2 urn. 

After the first clad layer was formed, a light-emitting 
50 layer was grown as in Example 7, to form an n-type 
Ino 15 Ga 0 ssN layer, doped with Zn at a concentration of 
1 x 10 19 /cm 3 , having a thickness of 20nm. 

After the light-emitting layer was formed, a second 
clad layer was grown as in Example 3, to form a p-type 
55 G^ .9 A ^o .1 N laver ' doped with Mg at a concentration of 
1 x l0 20 /cm 3 , having a thickness of 0.8 jim on the light- 
emitting layer. 

The annealing treatment of the second clad layer 
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and fabrication of a diode from the wafer were per- 
formed following the same procedures as in Example 1 , 
to prepare a blud light-emitting diode. 

The blue light-emitting diode obtained above exhib- 
ited the same output power, the same emission peak 
wavelength, and the same luminance as in the diode of 
Example 7. 

Example 9 

A blue light-emitting diode was prepared following 
the same procedures as in Example 7 except that, in the 
growth process of a light -emitting layer, the flow rate of 
DEZ was increased, to form an ln 0 15 Ga 0 85 N light-emit- 
ting layer doped with zinc at a concentration of 1 x 10 22 / 
cm 3 . 

The blue light-emitting diode thus obtained exhibit- 
ed an output power of about 40% of that of the diode of 
Example 7. 

Example 10 

A blue light-emitting diode was prepared following 
the same procedures as in Example 7 except that, in the 
growth process of a second clad layer, the flow rate of 
Cp2Mg was decreased, to form a p-type GaN layer (sec- 
ond clad layer) doped with Mg at a concentration of 1 x 
10 17 /cm 3 . 

The light-emitting diode exhibited an output power 
of about 10% of that of the diode of Example 7. 



of DEZ gas was adjusted, to form an n-type 
ln 0 l5 Ga 0 layer (light-emitting layer) having an elec- 
tron carrier concentration of 4 x l0 17 /crn 3 . 

The light-emitting diode exhibited an output power 
5 of 40 uA/V at 20 mA. The emission peak wavelength was 
490 nm. 

Example 13 

io a blue light-emitting diode was prepared following 
the same procedures as in Example 11 except that, in 
the growth process of a light-emitting layer, the flow rate 
of the DEZ gas was adjusted, to form an n-type 
,n o.i5 Ga o.S5 N !aver (light-emitting layer) having an elec- 
ts tron carrier concentration of 1 x 10 21 /cm 3 . 

The light-emitting diode exhibited an output power 
of 40 u,W at 20 mA. The emission peak wavelength was 
490 nm. 

20 Example 14 

A blue light-emitting diode was prepared following 
the same procedures as in Example 11 except that, in 
the growth process of a light-emitting layer, the flow rate 
25 of the DEZ gas was adjusted, to form an n-type 
ln o.is Ga o.85 N ' aver (light-emitting layer) having an elec- 
tron carrier concentration of 1 X 10 17 /cm 3 

The light-emitting diode exhibited an output power 
of 4 u.W at 20 mA. The emission peak wavelength was 
30 490 nm. 



Example 11 

Cleaning of a substrate, the growth of a buffer layer, 
and the growth of a first clad layer (Si-doped, n-type 
GaN layer) were performed following the same proce- 
dures as in Example 1. 

After the first clad layer was formed, a light-emitting 
layer was grown as in Example 1 except that diethylzinc 
was used, instead of diethycadimium, to form a Zn- 
doped, n-type ln 0 15 Gao B5 N layer having a thickness of 
1 00A on the first clad layer. The electron carrier concen- 
tration of the n-type ln 0 l5 Ga 0 85 N layer was 1 X 10 19 / 
cm 3 . 

A second clad layer was grown following the same 
procedures as in Example 1, to form an Mg-doped, p- 
type GaN layer. The annealing treatment and fabrication 
of a diode from the wafer were performed as in Example 
1 , to prepare a light emitting diode. 

The light-emitting diode exhibited an output power 
of 400 u.W at 20 mA. The emission peak wavelength was 
490 nm, and the luminance was 600 mcd. 

Example 12 

A blue light-emitting diode was prepared following 
the same procedures as in Example 11 except that, in 
the growth process of a light-emitting layer, the flow rate 



Example 15 

A blue light-emitting diode was prepared following 
35 the same procedures as in Example 11 except that,- in *' 
the growth process of a light-emitting layer, the flow rate 
of DEZ gas was adjusted, to form an n-type 
Jn 0 15 Ga 0 layer having an electron carrier concen- 
tration of 5 x 1021/cm 3 . 
40 The light-emitting diode exhibited an output power 
of 4 u.W at 20 mA. The emission peak wavelength was 
490 nm. 



45 



Example 16 



A buffer layer and an n-type GaN layer were formed 
on a sapphire substrate following the same procedures 
as in Example 1 1 . 

A high-resistivity, i-type GaN layer was grown by us- 
50 ing TMG as a gallium source, ammonia as a nitrogen 
source, and DEZ as a p-type impurity source. The i-type 
GaN layer was partially etched away to expose the n- 
type GaN layer. An electrode was formed on the ex- 
posed surface, and another electrode was formed on 
55 the i-type GaN layer, thereby preparing a light-emitting 
diode of a MIS structure. 

The MIS structure diode exhibited a radiant power 
output of 1 uA/V at 20 mA and a luminance of 1 mcd. 
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Example 17 

A blue light-emitting diode was prepared following 
the same procedures as in Example 11 except that, in 
the growth process of a light-emitting layer, silane gas 
as an impurity source was added, to form an n-type 
ln 0 l5 Ga 0 85 N light-emitting layer, doped with Zn and Si : 
having an electron carrier concentration of 1 x 10 19 / 
cm 3 . 

The light-emitting diode exhibited an output power 
of 600 u.W at 20 mA. The emission peak wavelength was 
490 nm, and the luminance was 800. mcd. 

Example 18 

Cleaning of a substrate, the growth of a buffer layer, 
and the growth of a first clad layer (Si-doped GaN layer) 
were performed following the same procedures as in Ex- 
ample 1 . 

After the first clad layer was formed, a light-emitting 
layer was grown as in Example 1 except that silane and 
DEZ were used, instead of diethylcadmium, to form an 
n-type ln 0 14 Ga 0 86 N layer, doped with Si and Zn, having 
a thickness of 10nm on the first clad layer. The light- 
emitting layer had an electron carrier concentration of 1 
x 10 18 /cm 3 . 

A second clad layer was grown following the same 
procedures as in Example 7, to form an Mg-doped (con- 
centration of 2 x lO^/cm 3 ), p-type GaN layer. 

The annealing treatment and fabrication of an LED 
from the wafer were performed following the same pro- 
cedures as in Example 1 . 

The blue light-emitting diode exhibited an output 
power of 580 u,W at 20 mA. The luminance was 780 
mcd, and the emission peak wavelength was 490 nm. 

Example 19 

A blue light-emitting diode was prepared following 
the same procedures as in. Example 18 except that, in 
the growth of a light-emitting layer, the flow rates of the 
silane gas and the DEZ gas were adjusted, to form an 
n-type ln 0 14 Ga 0 86 N light-emitting layer, doped with Si 
and Zn, having an electron carrier concentration of 1 x 
10 20 /cm 3 . 

The blue light-emitting diode exhibited an output 
power of 590 u.W at 20 mA. The luminance was 790 
mcd, and the emission peak wavelength was 490 nm. 

Example 20 

A blue light-emitting diode was prepared following 
the same procedures as in Example 1 3 except that, in 
the growth process of a light-emitting layer, the flow 
rates of the silane gas and the DEZ gas were adjusted, 
to form an n-type ln 0 14 Gao 86 N light-emitting layer, 
doped with Si and Zn, having an electron carrier con- 
centration of 4 x 10 17 /cm 3 . 



The blue light-emitting diode exhibited a radiant 
power output of 60 u.W at 20 mA. The luminance was 
80 mcd, and the emission peak wavelength was 490 nm. 

5 Example 21 

A blue light-emitting diode was prepared following 
the same procedures as in Example 18 except that, in 
the growth process of a light-emitting layer, the flow 
rates of the silane gas and the DEZ gas were adjusted, 
to form an n-type ln 0 14 Ga 0 ggN light-emitting layer, 
doped with Si and Zn, having an electron carrier con- 
centration of 5 x 10 21 /cm 3 . 

The blue light-emitting diode exhibited an output 
power of 6 uW at 20 mA. The luminance was 1 0 mcd, 
and the emission peak wavelength was 490 nm. 

Example 22 

A green light-emitting diode was prepared following 
the same procedures as in Example 18 except that, in 
the growth process of a light-emitting layer, the flow rate 
of TMI was adjusted, to form an Si- and Zn-doped 
ln 0 25 Ga 0 75 N light-emitting layer. 

The green light-emitting layer exhibited an output 
power of 500 u.W at 20 mA. The luminance was 1 ,000 
mcd, and the emission peak wavelength was 51 0 nm. 

Example 23 

A buffer layer and an n-type GaN layer were formed 
on a sapphire substrate following the same procedures 
as in Example 11. 

Using TMG as a gallium source, ammonia as a ni- 
trogen source, and silane and DEZ as impurity sources, 
an i-type GaN layer doped with Si and Zn was formed. 
The i-type GaN layer was partially etched away to ex- 
pose the n-type GaN layer. An electrode was formed on 
the exposed surface, and another electrode was formed 
on the i-type GaN layer, thereby preparing a light-emit- 
ting diode of a MIS structure. 

The MIS structure diode exhibited an output power 
of 1 |iW at 20 mA, and a luminance of 1 mcd. 

Example 24 

Cleaning of a substrate, the growth of a buffer layer, 
and the growth of a first clad layer (Si-doped, n-type 
GaN layer) were performed following the same proce- 
dures as in Example 1. 

After the first clad layer was formed, a light-emitting 
layer was grown as in Example 1 except that an n-type 
impurity source, silane, was used, instead of diethylcad- 
mium, at an adjusted flow rate, and growth was conduct- 
ed for 5 minutes, to form an n-type ln 015 Ga O 85 N light- 
emitting layer, doped with Si at a concentration of 1 x 
lO^/cm 3 having a thickness of 10nm on the first clad 
layer. 
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Then, a second clad layer was grown as in Example 
1 except that the flow rate of Cp 2 Mg was adjusted, to 
form a p-type GaN layer (second clad layer) doped with 
Mg at a concentration of 1 x l0 18 /cm 3 . The annealing 
treatment and fabrication of a diode from the wafer were 
performed as in Example 1 , to prepare a blue light-emit- 
ting diode. 

The light-emitting diode exhibited an output power 
of 300 jaW at 20 mA. The emission peak wavelength was 
405 nm. 

Example 25 

A blue light-emitting diode was prepared following 
the same procedures as in Example 24 except that, in 
the growth process of a first clad layer, an Si-doped, n- 
type Ga 0 9 A^ 0 -,N layer (first clad layer) having a thick- 
ness of 2 um was formed following the same procedures 
as in Example 3, and in the growth process of a second 
clad layer, a p-type Gao. 9 A€ 0 , N layer (second clad lay- 
er), doped with Mg at a concentration of 1 x 10 18 /cm 3 , 
having a thickness of 0.8 u.m was formed following the 
same procedures as in Example 3. 

The light-emitting diode exhibited the same output 
power and the same emission peak wavelength as in 
the light-emitting diode of Example 24. 

Example 26 

A blue light-emitting diode was prepared following 
the same procedures as in Example 24 except that, in 
the growth process of a light-emitting layer, the flow rate 
of silane gas was increased, to form an n-type 
ln 0 15 Ga 0 85 N layer doped with Si at a concentration of 
1 x 1 022/cm 3 . 

The output of the light-emitting diode was about 
40% of that of the diode of Example 24. 

Example 27 

40 

A blue light-emitting diode was prepared following 
the same procedures as in Example 24 except that, in 
the growth process of a second clad layer, the flow rate 
of Cp 2 Mg was decreased, to form a p-type GaN layer 
doped with Mg at a concentration of 1 x I0 17 /cm 3 . 45 

The output of the light-emitting diode was about 
20% of that of the diode of Example 24. 



Example 28 



type impurity source, silane, was added at a flow rate of 
2 x 10* 9 mo!/min : and the growth was conducted for 60 
minutes. Thus, n-type GaN layer (n-type contact layer), 
doped with Si at a concentration of 1 x lO^/cm 3 having 
5 a thickness of 4 jam was formed on the GaN buffer layer. 
Then, an aluminum source, TMA, at an adjusted 
flow rate was added, and the growth was conducted in 
a similar manner to that in Example 3, to form an Si- 
doped n-type Ga 0 8 A€ 0 2 N layer (first clad layer) having 
to a thickness of 0.15 ujti on the n-type contact layer 

Next, a light-emitting layer was grown in the same 
procedures as in Example 17, to form an n-type 
ln o.i4 Ga o.86 N light-emitting layer, doped with SiandZn, 
having an electron carrier concentration of 1 x 10 19 /cm 3 
is on the first clad layer. 

Subsequently, a second clad layer was grown for 2 
minutes in a similar manner to that Example 3, to form 
an Mg-doped Ga 0 B A€ 0 2 N layer having a thickness of 
0.15 u.m on the light-emitting layer. 
20 Then, only the aluminum source flow was stopped, 
and the growth was conducted for 7 minutes, to form an 
Mg-doped GaN layer (p-type contact layer) having a 
thickness of 0.3 jam on the second clad layer. 

The annealing treatment was conducted as in Ex- 
25 ample 1 , to convert the light-emitting layer, the second 
clad layer and the p-type contact layer into low-resistiv- 
ity layers. 

From the wafer, a light-emitting diode having a 
structure of FIG. 11 was fabricated. 
30 This diode exhibited an output power of 700 uW and 
a luminance of 1 ,400 mcd. The emission peak wave- 
length was 490 nm. The forward voltage was 3. 3V at 20 
mA. This forward voltage was about 4V lower than that" 
of the diode of Example 3, 8 or 25. This lower forward 
3S voltage is due to the better ohmic contact between the 
GaN contact layers and the electrodes. 



so 



Cleaning of a substrate and the growth of a buffer 
layer were performed following the same procedures as 
in Example 1. 

After the buffer layer was formed, only the TMG flow 
was stopped, and the substrate was heated to 1 ,030°C. ss 
While the substrate temperature was kept at 1,030°C, 
and the flow rate of ammonia was not changed, the flow 
rate of TMG was switched to 54 x 10* 6 mol/min, an n- 



Claims 

1. A light -emitting gallium nitride-based compound 
semiconductor device having a double-heterostruc- 
ture (22) comprising: 

a light-emitting layer (18) having first and sec- 
ond major surfaces and formed of I^Ga^N 
compound semiconductor, where 0 < x < 1 ; 
a first clad layer (16) joined to said first major 
surface of said light-emitting layer and formed 
of an n-type gallium nitride-based compound 
semiconductor having a composition different 
from that of said semiconductor of said light- 
emitting layer; and 

a second clad layer (20) joined to said second 
major surface of said light-emitting layer and 
formed of a p-type gallium nitride-based com- 
pound semiconductor having a composition dif- 
ferent from that of said semiconductor of said 



13 



25 



EP 0 599 224 B1 



26 



light-emitting layer, 
characterized in that 

said light-emitting layer (16) is doped with at 
least one kind of impurity selected from the group 
consisting of p-type and n-type doping impurities. 

2. The device according to claim 1 , characterized in 
that said light-emitting layer (16) is doped with a p- 
type impurity. 

3. The device according to claim 1, characterized in 
that said light-emitting layer (18) is doped with an 
n-type impurity. 

4. The device according to claim 1 , characterized in 
that said light-emitting layer (18) is doped with both 
n-type and p-type impurities. 



14. The device according to any one of claims 1 to 1 3, 
characterized in that said compound semiconduc- 
tor of said second clad layer (20) is represented by 
the formula; Ga 2 AI.,_ 2 N, where 0 < z < 1. 

5 

15. The device according to any one of claims 1 to 14, 
characterized in that said light-emitting layer (18) 
has a thickness of 1 nm to 0.5 urn. 

to 16. The device according to any one of claims 1 to 15, 
characterized in that said double-heterostructure 
has an n-type GaN contact layer (32,42) joined to 
said first clad layer (16), and a p-type GaN contact 
layer (34,44) joined to said second clad layer (20). 

is 

17. The device according to any one of claims 1 to 16, 
characterized in that 0 < x < 0.5. 



20 Patentanspruche 



5. The device according to claim 1 , 2 or 4 character- 
ized in that said p-type impurity comprises a Group 
II element. 

6. The device according to claim 5, characterized in 
that said p-type impurity comprises at least one el- 
ement selected from the group consisting of cadmi- 
um, zinc, beryllium, magnesium, calcium, strontium 
and barium. 

7. The device according to claim 5, characterized in 
that said p-type impurity comprises zinc in a con- 
centration of 1 x 10 17 to 1 x 10 21 /cm 3 . 

8. The device according to claim 5, characterized in 
that said p-type impurity comprises magnesium in 
a concentration of 1 x 10 18 to 1 x lO^/cm 3 . 

9. The device according to claim 1 , 3 or 4, character- 
ized in that said n-type impurity comprises a Group 
IV or VI element. 

10. The device according to claim 9, characterized in 
that said n-type impurity comprises at least one el- 
ement selected from the group consisting of silicon, 
germanium and tin. 

11. The device according to claim 9, characterized in 
that said n-type impurity comprises silicon in a con- 
centration of 1 x 10 17 to 1 x 10 21 /cm 3 . 

12. The device according to claim 4, characterized in 
that said n-type impurity comprises silicon and said 
p-type impurity comprises zinc. 

13. The device according to any one of claims 1 to 12, 
characterized in that said compound semiconduc- 
tor of said first clad layer (16) is represented by the 
formula: GayAl^yN, where 0 < y < 1 . 



1. Lichtemittierende Halbleitereinrichtung auf der Ba- 
sis eines Galliumnitrid-Verbindungshalbleiters, die 
eine Doppel-Heterostruktur (22) aufweist, umfas- 

25 send: 

eine lichtemittierende Schicht (18) mit ersten 
und zweiten Hauptflachen, die aus einem 
ln x Ga-,. x N-Verbindungshalbleiter mit 0 < x < 1 
30 gebildet ist; 

eine erste Uberzugsschicht (1 6), die mit der er- 
sten Hauptflache der lichtemittierenden 
Schicht verbunden und aus einem n-Typ-Ver- 
bindungshalbleiter auf Galliumnitridbasis mit 
35 einer Zusammensetzung gebildet ist, die sich 

von der des Halbleiters der lichtemittierenden 
Schicht unterscheidet; und 
eine zweite Uberzugsschicht (20), die mit der 
zweiten Hauptflache der lichtemittierenden 
40 Schicht verbunden und aus einem p-Typ-Ver- 

bindungshalbleiter auf Galliumnitridbasis mit 
einer Zusammensetzung gebildet ist, die sich 
von der des Halbleiters der lichtemittierenden 
Schicht unterscheidet, 

45 

dadurch gekennzeichnet, daft 
die lichtemittierende Schicht (1 8) mit mindestens ei- 
ner Art eines Fremdstoffes dotiert ist, der aus der 
Gruppe ausgewahlt ist, die aus p-Typ- und n-Typ- 
so dotierenden Fremdstoffen besteht. 

2. Einrichtung gemafc Anspruch 1, dadurch gekenn- 
zeichnet, da3 die lichtemittierende Schicht (18) mit 
einem p-Typ- Fremdstoff dotiert ist. 

55 

3. Einrichtung gemaG Anspruch 1, dadurch gekenn- 
zeichnet, daB die lichtemittierende Schicht (18) mit 
einem n-Typ-Fremdstoff dotiert ist. 
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4. Einrichtung gemaB Anspruch 1, dadurch gekenn- 
zeichnet, daB die lichtemittierende Schicht (1 8) so- 
wohl mit n-Typ- als auch mit p-Typ-Fremdstoff en 
dotiert ist. 

5 

5. Einrichtung gemaB Anspruch 1 , 2 Oder 4, dadurch 
gekennzeichnet, daB der p-Typ-Fremdstoff ein 
Element der 2. Gruppe des Periodensystems um- 
faBt. 

10 

6. Einrichtung gemaB Anspruch 5, dadurch gekenn- 
zeichnet, daB der p-Typ-Fremdstoff mindestens 
ein Element umfaBt, das aus der Gruppe ausge- 
wahlt ist, die aus Cadmium, Zink, Beryllium, Magne- 
sium, Kalzium, Strontium und Barium besteht ?5 

7. Einrichtung gemaB Anspruch 5, dadurch gekenn- 
zeichnet, daB der p-Typ-Fremdstoff Zink in einer 
Konzentration von 1 • 10 l7 bis 1 • 10 21 /cm 3 umfaBt. 

20 

8. Einrichtung gemaB Anspruch 5, dadurch gekenn- 
zeichnet, daB der p-Typ-Fremdstoff Magnesium in 
einer Konzentration von 1 • 10 18 bis 1 - lOSVcm 3 
umfaBt. 

25 

9. Einrichtung gemaB Anspruch 1, 3 Oder 4, dadurch 
gekennzeichnet, daB der n-Typ-Frerndstoff ein 
Element der 4. Oder 6. Gruppe des Periodensy- 
stems umfaBt. 

30 

10. Einrichtung gemaB Anspruch 9, dadurch gekenn- 
zeichnet, daB der n-Typ- Fremdstoff mindestens 
ein Element umfaBt, das aus der Gruppe ausge- 
wahlt ist, die aus Silizium : Germanium und Zinn be- 
steht. 35 

11. Einrichtung gemaB Anspruch 9, dadurch gekenn- 
zeichnet, daB der n-Typ-Fremdstoff Silizium in ei- 
ner Konzentration von 1 • 10 17 bis 1 • 10 21 /cm 3 um- 
faBt. 40 

12. Einrichtung gemaB Anspruch 4, dadurch gekenn- 
zeichnet, daB der n-Typ-Fremdstoff Silizium und 
der p-Typ-Fremdstoff Zink umfaBt. 

45 

13. Einrichtung gemaB einem der Anspruche 1 bis 12, 
dadurch gekennzeichnet, daB der Verbindungs- 
halbleiter der ersten Uberzugsschicht (16) durch 
die Formel Ga y AI Vy N mit 0 < y < 1 dargestellt wird. 

50 

14. Einrichtung gemaB einem der Anspruche 1 bis 13, 
dadurch gekennzeichnet, daB der Verbindungs- 
halbleiter der zweiten Uberzugsschicht (20) durch 
die Formel Ga 2 AI Vz N mit 0 < z < 1 dargestellt wird. 

55 

15. Einrichtung gemaB einem der Anspruche 1 bis 14, 
dadurch gekennzeichnet, daB die lichtemittieren- 
de Schicht (18) eine Dicke von 1 nm bis 0.5 jam be- 



sitzt. 

16. Einrichtung gemaB einem der Anspruche 1 bis 15, 
dadurch gekennzeichnet, daB die Doppel-Hetero- 
struktur eine n-Typ-GaN-Kontaktschicht (32, 42), 
die mit der ersten Uberzugsschicht (16) verbunden 
ist, und eine p-Typ-GaN-Kontaktschicht (34, 44) be- 
sitzt, die mit der zweiten Uberzugsschicht (20) ver- 
bunden ist. 

17. Einrichtung gemaB einem der Anspruche 1 bis 15, 
dadurch gekennzeichnet, daB 0 < x < 0.5 betragt. 

Revendications 

1. Dispositif emetteur de lumiere, comprenant des 
composes a base de nitrure de gallium, comportant 
une double heterostructure (22) comprenant : 

une couche electroluminescente (1B), posse- 
dant une premiere et une deuxieme surfaces 
principales et constitute d'un semi-conducteur 
a jonction de ln x Ga.,_ X N, ou 0 < x < 1 ; 
une premiere couche de plaquage (16), jointe 
a la premiere surface principale de la couche 
electroluminescente et constitute d'un semi- 
conducteur a jonction a basede nitrure de gal- 
lium de type n, dont ia composition differe de 
celle du semi-conducteur de la couche electro- 
luminescente, et 

une deuxieme couche de plaquage (20), jointe 
a la deuxieme surface principale de la couche 
electroluminescente et constitute d'un semi- 
conducteur a jonction a base de nitrure de gal- 
lium de type p, dont la composition differe de 
celle du semi-conducteur de la couche electro- 
luminescente, 

caracterise en ce que la couche electrolumi- 
nescente (18) est dopee au moyen d'au moins 
un type d'impurete choisi dans le groupe com- 
pose d'impuretes de dopage de type p et de ty- 
pe n. 

2. Dispositif suivant la revendication 1 , caracterise en 
ce que la couche electroluminescente (18) est do- 
pee au moyen d'une impurete de type p. 

3. Dispositif suivant la revendication 1, caracterise en 
ce que la couche electroluminescente (18) est do- 
pee au moyen d'une impurete de type n. 

4. Dispositif suivant la revendication 1 , caracterise en 
ce que la couche electroluminescente (18) est do- 
pee au moyen d'impuretes a la fois de type n et de 
type p. 

5. Dispositif suivant la revendication 1, 2 ou 4. carac- 
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terise en ce que I'impurete de type p contient un 
element du groupe II. 

6. Dispositif suivant la revendication 5, caracterise en 
ce que I'impurete de type p contient au moins un 
element choisi dans le groupe compose du cad- 
mium, du zinc, du beryllium, du magnesium, du cal- 
cium, du strontium et du baryum. 

7. Dispositif suivant la revendication 5, caracterise en 
ce que I'impurete de type p contient du zinc avec 
une concentration comprise entre 1 x 10 17 et 1 x 
10 21 /cm 3 

8. Dispositif suivant la revendication 5, caracterise en 
ce que I'impurete de type p contient du magnesium 
avec une concentration comprise entre 1 x 10 18 et 
1 x 102Vcm 3 . 

9. Dispositif suivant la revendication 1, 3 ou 4, carac- 
terise en ce que I'impurete de type n contient un 
element du groupe IV ou VI. 

10. Dispositif suivant la revendication 9, caracterise en 
ce que I'impurete de type n contient au moins un 
element choisi dans le groupe compose du silicium, 
du germanium et de retain. 

11. Dispositif suivant la revendication 9, caracterise en 
ce que I'impurete de type n contient du silicium avec 
une concentration comprise entre 1 x 10 17 et 1 x 
10 2 Vcm 3 . 

12. Dispositif suivant la revendication 4, caracterise en 
ce que I'impurete de type n contient du silicium et 
I'impurete de type p contient du zinc. 

13. Dispositif suivant I'une quelconque des revendica- 
tions 1 a 12, caracterise en ce que le semi-conduc- 
teur a jonction de la premiere couche de plaquage 
(16) est represents par la formule GayAI^N, ou 0 
< y < 1. 

14. Dispositif suivant Tune quelconque des revendica- 
tions 1 a 13, caracterise en ce que le semi-conduc- 
teur a jonction de la deuxieme couche de plaquage 
(20) est represents par la formule Ga z A Vz N, ou 0 < 
z< 1. 

15. Dispositif suivant I'une quelconque des revendica- 
tions 1 a 14, caracterise en ce que la couche elec- 
troluminescente (16) presente une epaisseur com- 
prise entre 1 nm et 0,5 urn 

16. Dispositif suivant I'une quelconque des revendica- 
tions 1 a 15, caracterise en ce que la double hete- 
rostructure comprend une couche de contact GaN 
de type n (32, 42), jointe a la premiere couche de 



plaquage (16), et une couche de contact GaN, de 
type p (34, 44), jointe a la deuxieme couche de pla- 
quage (20). 

5 17. Dispositif suivant I'une quelconque des revendica- 
tions 1 a 16 : caracterise en ce que 0 < x < 0,5. 
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© A light-emitting gallium nitride-based compound 
semiconductor device of a double-heterostructure. 
The double-heterostructure (22) includes a light- 
emitting layer (18) formed of a low-resistivity 
ln x Ga!- x N(0 < x < 1) compound semiconductor dop- 
ed with p-type and/or n-type impurity. A first clad 
layer (16) is joined to one surface of the light- 
emitting layer (18) and formed of an n-type gallium 
nitride-based compound semiconductor having a 
composition different from the light-emitting layer 
(18). A second clad layer (20) is joined to another 
surface of the light-emitting layer (18) and formed of 
a low-resistivity, p-type gallium nitride-based com- 
pound semiconductor having a composition different 
from the light-emitting layer (18). 
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The present invention relates to a light-emitting 
gallium nitride-based compound semiconductor de- 
vice and, more particularly, to a light-emitting com- 
pound semiconductor device having a double- 
heterostructure capable of emitting high-power visi- 
ble light ranging from near-ultraviolet to red, as 
desired, by changing the composition of a com- 
pound semiconductor constituting an active layer 
(light-emitting layer). 

Gallium nitride-based compound semiconduc- 
tors such as gallium nitride (GaN), gallium alu- 
minum nitride (GaAIN), indium gallium nitride (In- 
GaN), and indium aluminum gallium nitride (InAI- 
GaN) have a direct band gap, and their band gaps 
change in the range of 1.95 eV to 6 eV. For this 
reason, these compound semiconductors are prom- 
ising as materials for light-emitting devices such as 
a light-emitting diode and a laser diode. 

For example, as a light-emitting device using a 
gallium nitride semiconductor, a blue light-emitting 
device in which a homojunction structure is formed 
on a substrate normally made of sapphire through 
an AIN buffer layer has been proposed. The homo- 
junction structure includes a light-emitting layer 
formed of p-type impurity-doped GaN on an n-type 
GaN layer. As the p-type impurity doped in the 
light-emitting layer, magnesium or zinc is normally 
used. However, even when the p-type impurity is 
doped, the GaN crystal has a poor quality, and 
remains an i-type crystal having a high resistivity 
almost close to an insulator. That is, the conven- 
tional light-emitting device is substantially of a MIS 
structure. As a light-emitting device having the MIS 
structure, layered structures in which Si- and Zn- 
doped, i-type GaAIN layers (light-emitting layers) 
are formed on n-type CaAIN layers are disclosed in 
Jpn. Pat. Appln. KOKAI Publication Nos. 4-10665, 
4-10666, and 4-10667. 

However, in the light-emitting device having the 
MIS structure, both luminance and light-emitting 
output power are too low to be practical. 

In addition, the light-emitting device of a homo- 
junction is impractical because of the low power 
output by its nature. To obtain a practical light- 
emitting device having a large output power, it is 
required to realize a light-emitting device of a sin- 
gle-heterostructure, and more preferably, a double- 
heterostructure. 

However, no light-emitting semiconductor de- 
vices of a double-heterostructure are known, in 
which the double-heterostructure is entirely formed 
of low-resistivity gallium nitride-based compound 
semiconductors, and at the same time, has a light- 
emitting layer consisting of low-resistivity, impurity- 
doped InGaN. 

Jpn. Pat. Appln. KOKAI Publication Nos. 4- 
209577, 4-236477, and 4-236478 disclose a light- 
emitting device having a double-heterostructure in 



which an InGaN light-emitting layer is sandwiched 
between an n-type InGaAIN clad layer and a p-type 
InGaAIN clad layer. However, the light-emitting lay- 
er is not doped with an impurity, and it is not 

5 disclosed or explicitly suggested that an impurity is 
doped into the light-emitting layer. In addition, the 
p-type clad layer is a high-resistivity layer in fact. A 
similar structure is disclosed in Jpn. Pat. Appln. 
KOKAI Publication No. 64-17484. 

w Jpn. Pat. Appln. KOKAI Publication 4-213878 

discloses a structure in which an undoped InGaAIN 
light-emitting layer is formed on an electrically con- 
ductive ZnO substrate, and a high-resistivity InGaN 
layer is formed thereon. 

75 Jpn. Pat. Appln. KOKAI Publication No. 4- 

68579 discloses a double-heterostructure having a 
p-type GalnN clad layer formed on an oxygen- 
doped, n-type GalnN light-emitting layer. However, 
another clad layer consists of electrically conduc- 

20 tive ZnO. The oxygen is doped in the light-emitting 
layer to be lattice-matched with the ZnO. The 
emission wavelength of the light-emitting device 
having this double-heterostructure is 365 to 406 
nm. 

25 All conventional light-emitting devices are un- 

satisfactory in both output power and luminance, 
and have no satisfactory luminosity. 

It is an object of the present invention to pro- 
vide a double-heterostructure in which all of the 

30 light-emitting layer (active layer) and the clad lay- 
ers are formed of low-resistivity gallium nitride- 
based lll-V Group compound semiconductors, 
thereby realizing a semiconductor device exhibiting 
an improved luminance and/or light-emitting output 

35 power. 

It is another object of the present invention to 
provide a light-emitting device excellent in luminos- 
ity. 

It is still another object of the present invention 
40 to provide an ultraviolet to red tight-emitting device 
having a wavelength in the region of 365 to 620 
nm. 

According to the present invention, there is 
provided a light-emitting gallium nitride-based com- 
45 pound semiconductor device having a double- 
heterostructure comprising: 

a light-emitting layer (active layer) having first 
and second major surfaces and formed of a low- 
resistivity ln x Ga,_ x N (0 < x < 1) compound semi- 
50 conductor doped with an impurity; 

a first clad layer joined to the first major sur- 
face of the light-emitting layer and formed of an n- 
type gallium nitride-based compound semiconduc- 
tor having a composition different from that of the 
55 compound semiconductor of the light-emitting lay- 
er; and 

a second clad layer joined to the second major 
surface of the light-emitting layer and formed of a 
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low-resistivity, p-type gallium nitride-based com- 
pound semiconductor having a composition dif- 
ferent from that of the compound semiconductor of 
the light-emitting layer. 

In the first embodiment, the compound semi- 5 
conductor of the light-emitting layer (active layer) is 
of p-type, doped with a p-type impurity. 

In the second embodiment, the compound 
semiconductor of the light-emitting layer (active 
layer) remains an n-type, doped with at least a p- io 
type impurity. 

In the third embodiment, the compound semi- 
conductor of the light-emitting layer (active layer) is 
of n-type, doped with an n-type impurity. 

In the present invention, the compound semi- is 
conductor of the first clad layer is preferably repre- 
sented by the following formula: 

Ga y Ali- y N (0£y £ 1) 

20 

The compound semiconductor of the second clad 
layer is preferably represented by the following 
formula: 

GazAl^NfOSzS 1) 25 

This invention can be more fully understood 
from the following detailed description when taken 
in conjunction with the accompanying drawings, in 
which: 30 
FIG. 1 is a view showing a basic structure of a 
semiconductor light-emitting diode of the 
present invention; 

FIG. 2 is a graph showing a relationship be- 
tween the light intensity and the thickness of a 35 
light-emitting layer in the light-emitting semicon- 
ductor device of the present invention; 
FIG. 3 shows a photoluminescence spectrum of 
a low-resistivity, n-type ln x Gai- x N light-emitting 
layer according to the second embodiment of 40 
the present invention; 

FIG. 4 shows a photoluminescence spectrum of 
an undoped I^Ga^N light-emitting layer; 
FIG. 5 is a graph showing a relationship be- 
tween a p-type impurity concentration in the 45 
light-emitting layer and the light intensity in the 
light-emitting semiconductor device according to 
the second embodiment of the present inven- 
tion; 

FIG. 6 is a graph showing a relationship be- 50 
tween a p-type impurity concentration in a p- 
type clad layer and the light emission char- 
acteristics in the light-emitting semiconductor 
device according to the second embodiment of 
the present invention; 55 
FIG. 7 is a graph showing a relationship be- 
tween an electron carrier concentration in the 
light-emitting layer and the light emission char- 



acteristics in the light-emitting semiconductor 
device according to the second embodiment of 
the present invention; 

FIG. 8 is a graph showing the light emission 
characteristics of the light-emitting semiconduc- 
tor device according to the second embodiment 
of the present invention; 

FIG. 9 is a graph showing a relationship be- 
tween an n-type impurity concentration in a 
light-emitting layer and the light emission char- 
acteristics in a light-emitting semiconductor de- 
vice according to the third embodiment of the 
present invention; 

FIG. 10 is a graph showing a relationship be- 
tween a p-type impurity concentration in a p- 
type clad layer and the light emission char- 
acteristics in the light-emitting semiconductor 
device according to the third embodiment of the 
present invention; 

FIG. 1 1 shows a structure of still another light- 
emitting diode according to the present inven- 
tion; and 

FIG. 1 2 is a view showing a structure of a laser 

diode of the present invention. 
The present invention provides a double- 
heterostructure in which all of the light-emitting 
layer and clad layers sandwiching the light-emitting 
layer are formed of low-resistivity gallium nitride- 
based lll-V Group compound semiconductors, and 
at the same time, the light-emitting layer is formed 
of an impurity-doped, low-resistivity ln x Gai- x N 
compound semiconductor, thereby realizing a visi- 
ble light emitting semiconductor device which is 
excellent in output power, luminance, and luminos- 
ity, for the first time. 

The semiconductor device of the present in- 
vention includes a light-emitting diode (LED) and a 
laser diode (LD). 

The present invention will be described below 
in detail with reference to the accompanying draw- 
ings. The same reference numerals denote the 
same parts throughout the drawings. 

FIG. 1 shows a basic structure of an LED to 
which the present invention is applied. As shown in 
FIG. 1, an LED 10 of the present invention has a 
double-heterostructure 22 comprising a light-emit- 
ting layer (active layer) 18 formed of impurity- 
doped, low-resistivity (LR) ln x Ga t - x N, a first clad 
layer 16 joined to the lower surface (first major 
surface) of the light-emitting layer 18 and formed of 
an n-type, low-resistivity GaN-based lll-V Group 
compound semiconductor, and a second clad layer 
20 joined to the upper surface (second major sur- 
face) of the light-emitting layer 18 and formed of a 
p-type, low-resistivity GaN-based lll-V Group com- 
pound semiconductor. InxGa^N of the light-emit- 
ting layer 18 is a gallium nitride-based lll-V Group 
compound semiconductor. 
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Because of the double-heterostructure, the 
compound semiconductor composition (except for 
impurities) of the first clad layer 16 is different from 
that of the light-emitting layer 18. The compound 
semiconductor composition of the second clad lay- 
er 20 is also different from that of the light-emitting 
layer 18. The compound semiconductor composi- 
tions of the clad layers 16 and 20 may be the 
same or different. 

The present inventors have made extensive 
studies on the light-emitting device having all gal- 
lium nitride-based lll-V Group compound semicon- 
ductor double-heterostructure having high light 
emission characteristics, and found that, when the 
light-emitting layer is formed of ln x Gai- x N, and the 
ratio x of indium (In) is changed within the range of 
0 < x < 1, a light-emitting device capable of 
emitting visible light ranging from near-ultraviolet to 
red can be obtained. The present inventors have 
also found that, when an impurity is doped in 
InxGai-xN and InxGa^xN has a low resistivity, a 
light-emitting device having improved light emis- 
sion characteristics, especially a high output power, 
a high luminance, and a high luminosity could be 
obtained. 

In the light-emitting device of the present in- 
vention, when the value of x in ln x Gai_ x N of the 
light-emitting layer is close to 0, the device emits 
ultraviolet light. When the value of x increases, the 
emission fails in the longer-wavelength region. 
When the value of x is close to 1 , the device emits 
red light. When the value of x is in the range of 0 < 
x < 0.5, the light-emitting device of the present 
invention emits blue to yellow light in the 
wavelength range of 450 to 550 nm. 

In the present invention, an impurity (also 
called as a dopant) means a p- or n-type impurity, 
or both of them. In the present invention, the p- 
type impurity includes Group II elements such as 
cadmium, zinc, beryllium, magnesium, calcium, 
strontium, and barium. As the p-type impurity, zinc 
is especially preferable. The n-type impurity in- 
cludes Group IV elements such as silicon, germa- 
nium and tin, and Group VI elements such as 
selenium, tellurium and sulfur. 

In the present invention, "low-resistivity" 
means, when referred to a p-type compound semi- 
conductor, that the p-type compound semiconduc- 
tor has a resistivity of 1 x 10 5 fl.cm or less, and 
when referred to an n-type compound semiconduc- 
tor, that the n-type compound semiconductor has a 
resistivity of 10 n.cm or less. 

Therefore, in the present invention, ln x Gai- x N 
of the light-emitting layer 18 includes a low-resistiv- 
ity, p-type ln x Ga,- x N doped with a p-type impurity 
(the first embodiment to be described below in 
detail), a low-resistivity, n-type InxGa^xN doped 
with at least a p-type impurity (the second embodi- 



ment to be described below in detail), or an n-type 
ln x Gai- x N doped with an n-type impurity (the third 
embodiment to be described below in detail). 

In the present invention, the first clad layer 16 

s is formed of a low-resistivity n-type gallium nitride- 
based lll-V Group compound semiconductor. Al- 
though the n-type gallium nitride-based lll-V Group 
compound semiconductor tends to be of an n-type 
even when undoped, it is preferable to dope an n- 

10 type impurity therein and positively make an n-type 
compound semiconductor. The compound semi- 
conductor forming the first clad layer 16 is prefer- 
ably represented by the following formula: 

is GayAJ^-yN (0Sy^1) 

In the present invention, the second clad layer 
20 is formed of a low-resistivity, p-type gallium 
nitride-based lll-V Group compound semiconductor 
20 doped with a p-type impurity. The compound semi- 
conductor is preferably represented by the follow- 
ing formula: 

Ga 2 Ajh- 2 N(0£z£ 1) 

25 

The first, n-type clad layer 16 normally has a 
thickness of 0.05 to 10 urn, and preferably has a 
thickness of 0.1 to 4 urn. An n-type gallium nitride- 
based compound semiconductor having a thick- 
30 ness of less than 0.05 tends not to function as a 
clad layer. On the other hand, when the thickness 
exceeds 10 urn, cracks tend to form in the layer. 

The second, p-type clad layer 20 normally has 
a thickness of 0.05 to 1.5 urn, and preferably has a 
35 thickness of 0.1 to 1 urn. A p-type gallium nitride- 
based compound semiconductor layer having a 
thickness less than 0.05 urn tends to be hard to 
function as a clad layer. On the other hand, when 
the thickness of the layer exceeds 1.5 urn, the 
40 layer tends to be difficult to be converted into a 
low-resistivity layer. 

In the present invention, the light-emitting layer 
18 preferably has a thickness within a range such 
that the light-emitting device of the present inven- 
ts tion provides a practical relative light intensity of 
90% or more. In more detail, the light-emitting 
layer 18 preferably has a thickness of 10A to 0.5 
urn, and more preferably 0.01 to 0.2 urn. FIG. 2 is 
a graph showing a measurement result of the rela- 
50 tive light intensities of blue light-emitting diodes 
each having the structure shown in FIG. 1. Each 
blue light-emitting diode was prepared by forming 
the light-emitting layer 18 made of low-resistivity 
ln 0 .iGa 0 .gN while changing the thickness. As is ap- 
55 parent from FIG. 2, when the thickness of the 
InxGa^xN light-emitting layer is 10A to 0.5 urn, the 
semiconductor device exhibits a practical relative 
light intensity of 90% or more. The almost same 
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relationship between the thickness and the relative 
light intensity was obtained for the low-resistivity p- 
type ln x Ga,- x N doped with a p-type impurity, the 
low-resistivity, n-type ln x Gai- x N doped with at least 
a p-type impurity, and the n-type ln x Gai- x N doped 
with an n-type impurity. 

Referring back to FIG. 1, the double- 
heterostructure is normally formed on a substrate 
12 through an undoped buffer layer 14. 

In the present invention, the substrate 12 can 
normally be formed of a material such as sapphire, 
silicon carbide (SiC). or zinc oxide (ZnO), and is 
most normally formed of sapphire. 

In the present invention, the buffer layer 14 can 
be formed of AIN or a gallium nitride-based com- 
pound semiconductor. The buffer layer 14 is pref- 
erably formed of Ga m At,_ m N (0 < m S 1). The 
Ga m Ali- m N allows the formation of a gallium 
nitride-based compound semiconductor (first clad 
layer 16) having a better crystallinity thereon than 
on AIN. As is disclosed in United States Patent 
Application Serial No. (USSN) 07/826,997 filed on 
January 28, 1992 by Shuji NAKAMURA and as- 
signed to the same assignee, the Ga„,Ali- m N buff- 
er layer is preferably formed at a relatively low 
temperature of 200 to 900 *C, and preferably 400 
to 800 • C by the metalorganic chemical vapor de- 
position (MOCVD) method. The buffer layer 14 
preferably has substantially the same semiconduc- 
tor composition as the first clad layer 16 to be 
formed thereon. 

In the present invention, the buffer layer 14 
normally has a thickness of 0.002 urn to 0.5 urn. 

In the present invention, the first clad layer 16, 
the light-emitting layer 18, and the second clad 
layer 20, all of which constitute the double- 
heterostructure, can be formed by any suitable 
method. These layers are preferably sequentially 
formed on the buffer layer 1 4 by the MOCVD. The 
gallium source which can be used for the MOCVD 
includes trimethylgallium and triethylgallium. The 
indium source includes trimethylindium and 
triethylindium. The aluminum source includes 
trimethylaliminum and triethylaluminum. The nitro- 
gen source includes ammonia and hydrazine. The 
p-type dopant source includes Group II compounds 
such as diethylcadmium, dimethylcadmium, 
cyclopentadienylmagnesium, and diethylzinc. The 
n-type dopant source includes Group IV com- 
pounds such as silane, and Group VI compounds 
such as hydrogen sulfide and hydrogen selenide. 

The gallium nitride-based IH-V Group com- 
pound semiconductor can be grown in the pres- 
ence of the p-type impurity source and/or the n- 
type impurity source by using the above gas 
source at a temperature of 600 *C or more, and 
normally 1,200'C or less. As a carrier gas, hy- 
drogen, nitrogen or the like can be used. 



In an as-grown state, the gallium nitride-based 
lll-V Group compound semiconductor doped with a 
p-type impurity tends to exhibit a high resistivity 
and have no p-type characteristics (that is, it is not 

5 a low-resistivity semiconductor) even if the com- 
pound semiconductor contains the p-type impurity. 
Therefore, as is disclosed in USSN 07/970,145 filed 
on November 2, 1992 by Shuji NAKAMURA, 
Naruhito IWASA. and Masayuki SENOH and as- 

70 signed to the same assignee, the grown compound 
semiconductor is preferably annealed at a tempera- 
ture of 400 *C or more, and preferably 600 *C or 
more, for preferably one to 20 minutes or more, or 
the compound semiconductor layer is preferably 

75 irradiated with an electron beam while kept heated 
to a temperature of 600 'C or more. When the 
compound semiconductor is annealed at such a 
high temperature that the compound semiconduc- 
tor may be decomposed, annealing is preferably 

20 performed in a compressed nitrogen atmosphere to 
prevent the decomposition of the compound semi- 
conductor. 

When annealing is performed, a p-type impu- 
rity in a form bonded with hydrogen, such as Mg-H 

25 and Zn-H, is released from the bonds with the 
hydrogen thermally, and the released hydrogen is 
discharged from the semiconductor layer. As a 
result, the doped p-type impurity appropriately 
functions as an acceptor to convert the high-re- 

30 sistivity semiconductor into a low-resistivity p-type 
semiconductor. Preferably, the annealing atmo- 
sphere does not therefore contain a gas containing 
hydrogen atoms (e.g., ammonia or hydrogen). Pre- 
ferred examples of an annealing atmosphere in- 

35 eludes nitrogen and argon atmospheres. A nitrogen 
atmosphere is most preferable. 

After the double-heterostructure is formed, as 
shown in FIG. 1. the second clad layer 20 and the 
light-emitting layer 18 are partially etched away to 

40 expose the first clad layer 16. An n-electrode 24 is 
formed on the exposed surface, while a p-eiectrode 
26 is formed on the surface of the first clad layer 
20. The electrodes 24 and 26 are preferably heat- 
treated to achieve ohmic contact to the semicon- 

45 ductor layers. Above-described annealing may be 
achieved by this heat treatment. 

The present invention has been generally de- 
scribed above. The first, second, and third embodi- 
ments will be individually described below. It 

so should be understood that unique points of the 
respective embodiments will be particularly pointed 
out and explained, and the above general descrip- 
tion will be applied to these embodiments unless 
otherwise specified, in the following description. 

55 in the first embodiment of the present inven- 

tion, low-resistivity ln x Gai- x N constituting the light- 
emitting layer 18 of the double-heterojunction , 
structure shown in FIG. 1 is of p-type, doped with a 
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p-type impurity. Condition 0 < x < 0.5 is preferable 
to form the light-emitting layer having a good 
crystallinity and obtain a blue to yellow light-emit- 
ting device excellent in the luminosity. 

In the first embodiment, the concentration of 
the p-type impurity doped in ln x Ga,- x N of the light- 
emitting layer 18 should be higher than the elec- 
tron carrier concentration of a particular, corre- 
sponding undoped ln x Gai_ x N (The electron carrier 
concentration of an undoped InGaN varies within a 
range of about 10 17 /cm 3 to 1 x lO^/cm 3 , depend- 
ing on a particular growth condition used). Subject 
to this condition, the p-type impurity concentration 
is preferably about I0 17 /cm 3 to 1 x l0 2 Vcm 3 from 
the viewpoint of light emission characteristics of the 
device. The most preferable p-type impurity is 
zinc. As described above, the p-type impurity-dop- 
ed InGaN can be converted into a low-resistivity 
InGaN by annealing (preferred) or radiating the 
electron beam. 

In the second embodiment of the present in- 
vention, the low-resistivity InxGa^xN constituting 
the light-emitting layer 18 of the structure shown in 
FIG. 1 is of n-type, doped with at least a p-type 
impurity. Condition 0 < x 5 0.5 is preferable to 
provide the light-emitting layer having a good 
crystallinity and obtain a blue to yellow light-emit- 
ting device excellent in the luminosity. In the sec- 
ond embodiment, the light-emitting layer should be 
subjected to the annealing treatment described 
above, since it contains a p-type impurity. 

In the second embodiment, when only a p-type 
impurity is doped in ln x Gai- x N layer 18, the con- 
centration of the p-type impurity should be lower 
than the electron concentration of a corresponding 
undoped ln x Gai- x N. Subject to this condition, the 
p-type impurity concentration is preferably 1 x 
I0 18 /cm 3 to 1 x 10 22 /cm 3 from the viewpoint of the 
light-emitting characteristics of the device. Espe- 
cially, when zinc is doped as the p-type impurity at 
a concentration of 1 x 10 17 /cm 3 to 1 x 10 21 /cm 3 , 
and especially 1 x I0 18 /cm 3 to 1 x l0 20 /cm 3 , the 
luminosity of the light-emitting device can be fur- 
ther improved and the luminous efficacy can be 
further increased. 

In the second embodiment, the second clad 
layer 20 is as described above. However, when 
magnesium is doped as the p-type impurity at a 
concentration of 1 x I0 18 /cm 3 to 1 x 10 2 Vcm 3 , the 
luminous efficacy of the light-emitting layer 18 can 
be further increased. 

FIG. 3 is a diagram of the photoluminescence 
spectrum of a wafer irradiated with a 10-mW laser 
beam from an He-Cd laser. The wafer was pre- 
pared such that a low-resistivity ln 0 . 14 Gao.8eN layer 
doped with cadmium (p-type impurity) was formed, 
according to the second embodiment, on a GaN 
layer formed on a sapphire substrate. FIG. 4 is a 



diagram of the photoluminescence spectrum of a 
wafer prepared following the same procedures ex- 
cept that the lno.14Gao.86N layer was not doped with 
cadmium (undoped). 

5 As can be apparent from FIG. 3, the p-type 

impurity-doped, low-resistivity ln 0 .i4Gao. 8 6N layer of 
the present invention exhibits strong blue light 
emission near 480 nm. As can be apparent from 
FIG. 4, undoped ln 0 . 14 Ga 0 .86N layer not doped with 

70 a p-type impurity exhibits violet light emission near 
400 nm. The same results as in FIG. 3 were 
obtained when zinc, beryllium, magnesium, cal- 
cium, strontium, and/or barium was doped, instead 
of Cd, according to the present invention. Thus, 

75 when the p-type impurity is doped in InGaN ac- 
cording to the present invention, the luminosity is 
improved. 

When the p-type impurity is doped in InGaN, 
the photoluminescence intensity can be greatly in- 

20 creased as compared to the undoped InGaN. In the 
device relating to FIG. 3, blue luminescence cen- 
ters are formed in the InGaN by the p-type impu- 
rity, thereby increasing the blue luminescence in- 
tensity. FIG. 3 shows this phenomenon. In FIG. 3, a 

25 low peak appearing near 400 nm is the inter-band 
emission peak of the undoped lno.14Gao.8sN and 
corresponds to the peak in FIG. 4. Therefore, in the 
case of FIG. 3, the luminous intensity is increased 
by 20 times or more as compared to FIG. 4. 

30 FIG. 5 is a graph obtained by measuring and 

plotting the relative light intensities and the Zn 
concentrations of blue light-emitting devices each 
having the structure of FIG. 1. Each device was 
prepared such that the concentration of the p-type 

35 impurity Mg of the second clad layer 20 was kept 
at 1 x l0 20 /cm 3 , while changing the Zn concentra- 
tion of the p-type impurity Zn-doped ln 0 .iGa<)^N of 
the light-emitting layer 18. As shown in FIG. 5, the 
light-emitting device exhibits a practical relative 

40 intensity of 90% or more in the Zn concentration 
range of 1 x 10 l7 /cm 3 to 1 x 10 21 /cm 3 and the 
highest relative light intensity (almost 100%) in the 
Zn concentration range of 1 x 10 18 /cm 3 to 1 x 
lO^/cm 3 . 

45 FIG. 6 is a graph obtained by measuring and 

plotting the relative light intensities and the Mg 
concentrations of blue light-emitting devices each 
having the structure of FIG. 1. Each device was 
prepared such that the Zn concentration of the p- 

50 type impurity Zn-doped lno.1Gao.9N of the light; 
emitting layer 18 was kept at 1 x lO^/cm 3 , while 
changing the concentration of the p-type impurity 
Mg of the second clad layer 20. As shown in FIG. 
6, the light intensity of the light-emitting device 

55 tends to rapidly increase when the Mg concentra- 
tion of the clad layer 20 exceeds 1 x I0 17 /cm 3 , and 
the light intensity tends to rapidly decrease when 
the Mg concentration exceeds 1 x lO^/cm 3 . FIG. 6 
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clearly shows that the light-emitting device exhibits 
a practical relative intensity of 90% or more (al- 
most 100%) when the p-type impurity concentra- 
tion of the second clad layer 20 is in the range of 1 
x 10 18 /cm 3 to 1 x 10 21 /cm 3 . In FIGS. 5 and 6, the 
impurity concentrations were measured by a sec- 
ondary ion mass spectrometer (SIMS). 

It is found that, more strictly, the electron car- 
rier concentration in the ln x Gai- x N layer is prefer- 
ably in the range of 1 x 10 17 /cm 3 to 5 x 10 21 /cm 3 
when at least a p-type impurity is doped in 
ln x Gai- x N to form an n-type ln x Ga!- x N light-emit- 
ting layer having a low resistivity of 10 Q.cm or 
less. The electron carrier concentration can be 
measured by Hall effects measurements. When the 
electron carrier concentration exceeds 5 x 
IG^Vcm 3 , it is difficult to obtain a light-emitting 
device exhibiting a practical output power. The 
electron carrier concentration is inversely propor- 
tional to the resistivity. When the electron carrier 
concentration is less than 1 x 10 18 /cm 3 , InGaN 
tends to be high-resistivity i-type InGaN, and the 
electron carrier concentration cannot be measured. 
The impurity to be doped may be only a p-type 
impurity, or both p-and n-type impurities. More 
preferably, both p- and n-type impurities are dop- 
ed. In this case, zinc as the p-type impurity and 
silicon as the n-type impurity are preferably used. 
Each of zinc and silicon is preferably doped at a 
concentration of 1 x 10 17 /cm 3 to 1 x 10 21 /cm 3 . 
When the concentration of zinc is lower than that of 
silicon, InGaN can be converted into preferable n- 
type InGaN. 

When InGaN not doped with an impurity is 
grown, nitrogen lattice vacancies are created to 
provide n-type InGaN. The residual electron carrier 
concentration of this undoped n-type InGaN is 
about 1 x 10 17 /cm 3 to 1 x lO^/cm 3 depending on 
a growth condition used. By doping a p-type impu- 
rity serving as a luminescence center in the un- 
doped n-type InGaN layer, the electron carrier con- 
centration in the n-type InGaN layer is decreased. 
Therefore, when the p-type impurity is doped in 
InGaN such that the electron carrier concentration 
is excessively decreased, n-type InGaN is con- 
verted into high-resistivity i-type InGaN. When the 
electron carrier concentration is adjusted to fall 
within the above range according to the present 
invention, the output power is increased. This in- 
dicates that the p-type impurity serving as the 
luminescence center performs emission by forming 
donor-acceptor (D-A) light-emitting pairs with the 
donor impurity. The detailed mechanism has not 
been clarified yet. However, it is found that, in the 
n-type InGaN in which both donor impurity (e.g., 
the n-type impurity or nitrogen lattice vacancy) for 
making some electron carriers and the p-type im- 
purity serving as an acceptor impurity are present, 



the light intensity by the formation of the lumines- 
cence centers is apparently increased. Since an 
increase in the number of light-emitting pairs at- 
tributes to an increase in light intensity as de- 

5 scribed, not only p-type impurity but also n-type 
impurity is preferably doped in InGaN. More spe- 
cifically, when the n-type impurity (especially sili- 
con) is doped in InGaN doped with the p-type 
impurity (especially zinc), the donor concentration 

70 is increased, and at the same time, a constant 
donor concentration with good reproducibility can 
be obtained, unlike in undoped InGaN in which the 
electron carrier concentration varies depending on 
the growth condition as described above, and in 

75 which the donor concentration having a constant 
residual concentration with good reproducibility is 
hardly obtained. In fact, it is found that, by doping 
silicon, the electron carrier concentration is in- 
creased from about 1 x 10 l8 /cm 3 to 2 x 10 19 /cm 3 

20 by one figure, and the donor concentration is thus 
increased. Therefore, the amount of zinc to be 
doped can be increased by the increased amount 
of the donor concentration, and accordingly, the 
number of D-A light-emitting pairs can be in- 

25 creased, thereby increasing the light intensity. 

FIG. 7 is a graph obtained by measuring and 
plotting the relative output powers of blue light- 
emitting diodes and the electron carrier concentra- 
tions in the InGaN layers (measured by Hall effects 

30 measurements after growth of the InGaN layer). 
The blue light-emitting diode was prepared such 
that an Si-doped n-type GaN layer was grown on 
the sapphire substrate, a Zn-doped n-type 
lno.15Gao.85N layer was grown thereon while chang- 
es ing the Zn concentration, and an Mg-doped p-type 
GaN layer was grown. The points in FIG. 7 cor- 
respond to electron carrier concentrations of 1 x 
10 16 . 1 x 10 17 , 4 x 10 17 , 1 x 10 18 , 1 x 10 19 , 4 x 
10 19 , 1 x 10 20 , 3 x 10 20 , 1 x 10 21 , and 5 x 

40 10 2 Vcm 3 from the left, respectively. 

As shown in FIG. 7, the output power of the 
light-emitting device changes depending on the 
electron carrier concentration in the n-type InGaN 
light-emitting layer. The output power starts to rap- 

45 idly increase at an electron carrier concentration of 
about 1 x 10 15 /cm 3 , reaches the maximum level at 
about 1 x I0 19 /cm 3 , slowly decreases until 5 x 
10 21 /cm 3 , and rapidly decreases when the electron 
carrier concentration exceeds that point. As is ap- 

50 parent from FIG. 7, when the electron carrier con- 
centration in the n-type InGaN layer is in the range 
of 1 x 10 17 /cm 3 to 5 x 10 21 /cm 3 , the light-emitting 
device exhibits an excellent output power. 

FIG. 8 shows the light intensity when a laser 

55 beam from an He-Cd laser was radiated on the n- 
type In 0 .i 5 Ga 0 .85N layer doped with only zinc at a 
concentration of 1 x I0 18 /cm 3 , and the n-type 
lno.15Gao.s5N layer doped with zinc and silicon at 
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concentrations of 1 x 10 19 /cm 3 and 5 x 10 19 /cm 3 , 
respectively, and the photoluminescence was mea- 
sured at room temperature. The measurement re- 
sult about the n-type lno.15Gao.85N layer doped with 
only zinc is represented by a curve a, and the 
measurement result about the n-type lno.15Gao.s5N 
layer doped with zinc and silicon is represented by 
a curve b (in the curve b, measured intensity is 
reduced to 1/20). Although the both InGaN layers 
exhibit the major light-emitting peaks at 490 nm, 
the n-type InGaN layer doped with both zinc and 
silicon exhibits a light intensity ten times or more 
that of the n-type InGaN layer doped with only 
zinc. 

In the third embodiment of the present inven- 
tion, low-resistivity ln x Gai- x N constituting the light- 
emitting layer 18 of the structure of FIG. 1 is of n- 
type, doped with only an n-type impurity. Condition 
0 < x £ 0.5 is preferable to provide a light-emitting 
layer semiconductor having a good crystallinity and 
obtain a blue light-emitting device excellent in the 
luminosity. 

In the third embodiment, the n-type impurity 
doped in ln x Gai- x N of the light-emitting layer 18 is 
preferably silicon (Si). The concentration of the n- 
type impurity is preferably 1 x 10 17 /cm 3 to 1 x 
lO^/cm 3 from the viewpoint of the light emission 
characteristics, and more preferably 1 x 10 18 /cm 3 
to 1 x lO^/cm 3 . 

In the third embodiment, as in the second 
embodiment, the second clad layer 20 is as al- 
ready described above. However, when magne- 
sium is used as the p-type impurity, and is doped 
at a concentration of 1 x 10 18 /cm 3 to 1 x 10 21 /cm 3 , 
the luminous efficacy of the light-emitting layer 18 
can be further increased. 

FIG. 9 is a graph obtained by measuring and 
plotting the relative light intensities and the Si con- 
centrations of blue light-emitting devices each hav- 
ing the structure of FIG. 1. Each device was pre- 
pared such that the concentration of the p-type 
impurity Mg of the second clad layer 20 was kept 
at 1 x 10 19 /cm 3 , while changing the Si concentra- 
tion of the n-type impurity Si-doped ln 0 .iGao. 9 N of 
the light-emitting layer 18. As shown in FIG. 9, the 
light-emitting device exhibits a practical relative 
intensity of 90% or more in the Si concentration 
range of 1 x 10 17 /cm 3 to 1 x lO^/cm 3 , and the 
highest relative light intensity (almost 100%) in the 
Si concentration range of 1 x 10 18 /cm 3 to 1 x 
lO^/cm 3 . 

FIG. 10 is a graph obtained by measuring and 
plotting the relative light intensities and the Mg 
concentrations of blue light-emitting devices each 
having the structure of FIG. 1. Each device was 
prepared such that the Si concentration of the n- 
type impurity Si-doped lno.1Gao.9N of the light-emit- 
ting layer 18 was kept at 1 x 10 19 /cm 3 , while 



changing the concentration of the p-type impurity 
Mg of the second clad layer 20. As shown in FIG. 
10, the light intensity of the light-emitting device 
tends to rapidly increase when the Mg concentra- 

5 tion of the second p-type clad layer 20 exceeds 1 
x 10 17 /cm 3 , and to rapidly decrease when the Mg 
concentration exceeds 1 x 10 2 Vcm 3 . FIG. 10 
shows that the light-emitting device exhibits a prac- 
tical relative intensity of 90% or more (almost 

70 100%) when the p-type impurity concentration of 
the second clad layer 20 is in the range of 1 x 
10 18 /cm 3 to 1 x ICPVcm 3 . In FIGS. 9 and 10. the 
impurity concentrations were measured by the 
SIMS. 

75 In the third embodiment, the light-emitting de- 

vice having the double-heterostructure of the 
present invention uses inter-band emission of the 
n-type InGaN layer. For this reason, the half width 
of the emission peak is as narrow as about 25 nm. 

20 which is 1/2 or less that of the conventional homo- 
junction diode. In addition, the device of the 
present invention exhibits an output power four 
times or more that of the homojunction diode. 
Further, when the value of x of InxGa^xN is 

25 changed in the range of 0.02 < x < 0.5, emission 
within the wavelength region of about 380 nm to 
500 nm can be obtained as desired. 

FIG. 11 show a structure of a more practical 
light-emitting diode 30 having a double-heterostruc- 

30 ture of the present invention. 

The light-emitting diode 30 a double- 
heterostructure 22 constituted by an impurity-dop- 
ed InxGai-xN light-emitting layer 18, and two clad 
layers sandwiching the light-emitting layer 18, i.e., 

35 an n-type gallium nitide-based compound semicon- 
ductor layer 16 and a p-type gallium nitride-based 
compound semiconductor layer 20, as described 
above in detail. 

A buffer layer 14 described above in detail is 

40 formed on a substrate 20 described above in detail. 
An n-type GaN layer 32 is formed on the buffer 
layer 14 to a thickness of, for example, 4 to 5 um, 
and provides a contact layer for an n-electrode 
which is described below. The n-type contact layer 

45 32 allows the formation of a clad layer 16 having a 
better crystallinity, and can establish a better ohmic 
contact with the n-electrode. 

The double-heterostructure 22 is provided on 
the n-type contact layer 32, with the clad layer 16 

50 joined to the contact layer 32. 

A p-type GaN contact layer 34 is formed on 
the clad layer 20 to a thickness of, for example, 
500 A to 2 um. The contact layer 34 establishes a 
better ohmic contact with a p-electrode described 

55 below, and increases the luminous efficacy of the 
device. 

The p-type contact layer 34 and the double- 
heterostructure 22 are partially etched away to 
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expose the n-type contact layer 32. 

A p-electrode is provided on the p-type contact 
layer 34, and an n-electrode is provided on the 
exposed surface of the n-type contact layer 32. 

The light-emitting diodes embodying the 
present invention have been described above. 
However, the present invention should not be limit- 
ed to these embodiments. The present invention 
encompasses various types of light-emitting de- 
vices including a laser diode, so far as those de- 
vices have the double-heterostructures of the 
present invention. 

FIG. 12 shows a structure of a laser diode 40 
having a double-heterostructure of the present in- 
vention. 

The laser diode 40 has a double-heterostruc- 
ture constituted by an impurity-doped ln x Gat- x N 
active layer 18 described above in detail in associ- 
ation with the light-emitting diode, and two clad 
layers sandwiching the active layer 18, i.e., an n- 
type gallium nitride-based compound semiconduc- 
tor layer 16 and a p-type gallium nitride-based 
compound semiconductor layer 20, as described 
above. A buffer layer 14 described above in detail 
is formed on a substrate 12 described above in 
detail. An n-type gallium nitride layer 42 is formed 
on the buffer layer 14, providing a contact layer for 
an n-electrode described below. 

The double-heterostructure 22 is provided on 
the n-type gallium nitride contact layer 42, with the 
clad layer joined to the contact layer 42. 

A p-type GaN contact layer 44 is formed on 
the clad layer 20. 

The p-type contact layer 44, the double 
heterostructure 22 and part of the n-type contact 
layer 42 are etched away to provide a protruding 
structure as shown. A p-electrode is formed on the 
p-type contact layer 44. A pair of n-etectrodes 24a 
and 24b are formed on the n-type GaN layer 42 to 
oppose each other, with the protruding structure 
intervening therebetween. 

For example, the substrate 12 is a sapphire 
substrate having a thickness of 100 urn, the buffer 
layer 14 is a GaN buffer layer having a thickness of 
0.02 urn, and the n-type GaN contact layer 42 has 
a thickness of 4 urn. The first clad layer 16 is an n- 
type GaAIN clad layer having a thickness of 0.1 
urn, the second clad layer 20 is a p-type GaAIN 
clad layer having a thickness of 0.1 urn, and the 
active layer 18 is an n-type layer doped with silicon 
or germanium. The p-type GaN contact layer 44 
has a thickness of 0.3 urn. 

The present invention will be described below 
with reference to the following examples. In the 
examples below, a compound semiconductor was 
grown by the MOCVD method. An MOCVD appara- 
tus used is a conventional MOCVD apparatus hav- 
ing a structure in which a susceptor for mounting a 



substrate thereon is arranged in a reaction vessel, 
and raw material gases can be supplied together 
with a carrier gas toward a substrate while the 
substrate is heated, thereby growing a compound 
5 semiconductor on the substrate. 

Example 1 

Cleaning of Substrate : 

w 

First, a sapphire substrate sufficiently washed 
was mounted on a susceptor in an MOCVD reac- 
tion vessel, and the atmosphere in the reaction 
vessel was sufficiently substituted with hydrogen. 
75 Subsequently, while hydrogen was flown, the sub- 
strate was heated to 1,050 *C, and this temperature 
was held for 20 minutes, thereby cleaning the 
sapphire substrate. 

20 Growth of Buffer Layer : 

The substrate was then cooled down to 510°C. 
While the substrate temperature was kept at 
510*C, ammonia (NH 3 ) as a nitrogen source. 

25 trimethylgallium (TMG) as a gallium source, and 
hydrogen as a carrier gas were kept supplied at 
flow rates of 4 liters (L)/min t 27 x 10~ 6 mol/min, 
and 2 L/min, respectively, toward the surface of the 
sapphire substrate for one minute. Thus, a^ GaN 

30 buffer layer having a thickness of about 200A was 
grown on the sapphire substrate. 

Growth of First Clad Layer : 

35 After the buffer layer was formed, only the 

supply of TMG was stopped, and the substrate was 
heated to 1,030*C. While the substrate tempera- 
ture was kept at 1.030*C, the flow rate of TMG 
was switched to 54 x 10~ 6 mol/min, silane gas 

40 (SiH 4 ) as an n-type impurity was added at a flow 
rate of 2 x 10~ 9 mol/min, and each material gas 
was supplied for 60 minutes. Thus, an n-type GaN 
layer, doped with Si at a concentration of 1 x 
lO^/cm 3 , having a thickness of 4 urn was grown 

45 on the GaN buffer layer. 

Growth of Light-Emitting Layer : 

After the first clad layer was formed, the sub- 
so strate was cooled down to 800 *C while flowing 
only the carrier gas. While the substrate tempera- 
ture was kept at 800 *C, the carrier gas was 
switched to nitrogen at a flow rate of 2 L/min, and 
TMG as a gallium source, trimethylindium (TMI) as 
55 an indium source, ammonia as a nitrogen source, 
and diethylcadmium as a p-type impurity source 
were supplied at flow rates of 2 x 10~ 6 mol/min, 1 
x 10~ 5 mol/min, 4 L/min, and 2 x 10" 6 mol/min. 
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respectively, for ten minutes. Thus, an n-type 
Ino.MGao.seN layer, doped with Cd at a concentra- 
tion of 1 x lO^/cm 3 , having a thickness of 200A 
was grown on the first clad layer. 

Growth of Second Clad Layer: 



A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 1 ex- 
cept that, in the growth process of a buffer layer, 
trimethylaluminum (TMA) was used, instead of 
TMG, to form an AIN buffer layer on a sapphire 
substrate at a substrate temperature of 600 *C. 



The blue light-emitting diode exhibited an out- 
put power of 80 uW at 20 mA, and its emission 
peak wavelength was 480 nm. The luminance of 
the light-emitting diode was about 20 times that of 
5 a light-emitting diode of Example 5 to be described 
later. 

Example 3 

Cleaning of a substrate and the growth of a 
buffer layer were performed following the same 
procedures as in Example 1 . 

After the buffer layer was formed, only the 
TMG flow was stopped, and the substrate was 
heated to 1,030 'C. While the substrate tempera- 
ture was kept at 1,030'C, and the flow rate of 
ammonia was not changed, the flow rate of TMG 
was switched to 54 x 10" G mol/min, and an alu- 
minum source, TMA, and a p-type impurity source, 
silane gas (SiH 4 ), were added at flow rates of 6 x 
10"" 6 mol/min and 2 x 10~ 9 mol/min, respectively, 
and each gas was supplied for 30 minutes. Thus, 
an n-type Gao.9Alo.1N layer (first clad layer), doped 
with Si at a concentration of 1 x lO^/cm 3 , having a 
thickness of 2 urn was grown on the GaN buffer 
layer. 

A light-emitting layer was subsequently grown 
following the same procedures as in Example 1 , to 
form a Cd-doped, n-type lno.14Gao.86N layer having 
a thickness of 200A. 

After the light-emitting layer was formed, sup- 
ply of all the raw material gases was stopped, and 
the substrate was heated to 1,020 *C. While the 
substrate temperature was kept at 1,020 *C, and 
the flow rate of the carrier gas was not changed, a 
gallium source, TMG, an aluminum source, TMA, a 
nitrogen source, ammonia, and a p-type impurity 
source, Cp2Mg, were supplied at flow rates of 54 x 
10~ 6 mol/min, 6 x 10~ 6 mol/min, 4 L7min, and 3.6 
x 10~ 6 mol/min, respectively, for 15 minutes. Thus, 
a p-type Gao. 9 A* 0 .iN layer (second clad layer), 
doped with Mg at a concentration of 1 x lO^/cm 3 , 
having a thickness of 0.8 urn was grown on the 
light-emitting layer. 

The annealing treatment and fabrication of a 
diode from the wafer were performed following the 
same procedures as in Example 1, to prepare a 
blue light-emitting diode. 

The blue light-emitting diode obtained above 
exhibited the same output power, the same emis- 
sion wavelength, and the same luminance as in the 
diode of Example 1 . 

Example 4 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 1 1 ex- 
cept that, in the growth process of a light-emitting 



After the light-emitting layer was formed, the 
substrate was heated to 1,020'C while flowing only 
the carrier gas nitrogen. While the substrate tern- 10 
perature was kept at 1 ,020 * C, the carrier gas was 
switched to hydrogen, a gallium source, TMG, a 
nitrogen source, ammonia, a p-type impurity 
source, cyclopentadienylmagnesium (Cp2Mg), were 
supplied at flow rates of 54 x 10~ 6 mol/min, 4 75 
L/min, 3.6 x 10~ 6 mol/min, respectively, for 15 
minutes. Thus, a p-type GaN layer, doped with Mg 
at a concentration of 1 x lO^/cm 3 , having a thick- 
ness of 0.8 urn was grown on the light-emitting 
layer. 20 

Conversion into Low-Resistivity Layer : 

After the second clad layer was grown, the 
wafer was taken out of the reaction vessel. The 25 
wafer was annealed under nitrogen at a tempera- 
ture of 700 *C or more for 20 minutes. Thus, the 
second clad layer and the light-emitting layer were 
converted into low-resistivity layers. 

30 

Fabrication of LED : 

The second clad layer and the light-emitting 
layer of the wafer obtained above were partially 
etched away to expose the first clad layer. An 35 
ohmic n-electrode was formed on the exposed 
surface while an ohmic p-electrode was formed on 
the second clad layer. The wafer was cut into chips 
each having a size of 500 urn 2 , and a blue light- 
emitting diode was fabricated by a conventional 40 
method. 

The blue light-emitting diode exhibited an out- 
put power of 300 U.W at 20 mA, and its emission 
peak wavelength was 480 nm. The luminance of 
the light-emitting diode measured by a commer- 45 
cially available luminance meter was 50 or more 
times that of a light-emitting diode of Example 5 to 
be described later. 

Example 2 50 
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layer, Cp2Mg was used instead of diethylcadmium 
at the same flow rate to grow an Mg-doped, p-type 
Ino.MGao.seN light-emitting layer. 

The blue light-emitting layer obtained above 
exhibited the same output power, the same emis- 
sion wavelength, and the same luminance as in the 
diode of Example 1 . 

Example 5 

A homojunction GaN light-emitting diode was 
prepared following the same procedures as in Ex- 
ample 1 except that no light-emitting InGaN layer 
was grown. 

The tight-emitting diode exhibited an output 
power of 50 ixW at 20 mA. The emission peak 
wavelength was 430 nm, and the luminance was 2 
milicandela (mcd). 

Example 6 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 1 ex- 
cept that, in the growth process of a light-emitting 
layer, silane gas at a flow rate of 2 x 10~ 9 mol/min 
was used, instead of dimethylcadmium, to form n- 
type Ino.MGao.seN light-emitting layer doped with Si 
at a concentration of 1 x lO^/cm 3 . 

The light-emitting diode exhibited an output 
power output of 120 uW at 20 mA. The emission 
peak wavelength was 400 nm, and the luminance 
was about 1/50 that of the diode in Example 1. The 
low luminance was due to the short wavelength of 
the emission peak to lower the luminosity. 

Example 7 

Cleaning of a substrate, the growth of a buffer 
layer, and the growth of a first clad layer (Si-doped, 
n-type GaN layer) were performed following the 
same procedures as in Example 1 . 

After the first clad layer was formed, a light- 
emitting layer was grown as in Example 1 except 
that diethylzinc (DEZ) at a flow rate of 1 x 10 -6 
mol/min was used, instead of diethylcadmium, to 
form an n-type lno.15Gao.s5N layer (light-emitting 
layer), doped with Zn at a concentration of 1 x 
10 19 /cm 3 , having a thickness of 200A on the first 
clad layer. 

A second clad layer was subsequently grown 
following the same procedures as in Example 1, to 
form an Mg-doped, p-type GaN layer having a 
thickness of 0.8 urn. The annealing treatment and 
fabrication of a diode from the wafer were per- 
formed following the same procedures as in Exam- 
ple 1 , to prepare a blue light-emitting diode. 

The light-emitting device exhibited an output 
power of 300 uW at 20 mA. The emission peak 



wavelength was 480 nm, and the luminance was 
400 mcd. 

Example 8 

5 

Cleaning of a substrate and the growth of a 
buffer layer were performed following the same 
procedures as in Example 1 . 

A first clad layer was grown following the same 
70 procedures as in Example 3, to form an Si-doped, 
n-type Gao.9Alo.1N layer having a thickness of 2 
urn. 

After the first clad layer was formed, a light- 
emitting layer was grown as in Example 7, to form 
75 an n-type lno.15Gao.s5N layer, doped with Zn at a 
concentration of 1 x 10 19 /cm 3 , having a thickness 
of 200A. 

After the light-emitting layer was formed, a 
second clad layer was grown as in Example 3, to 

20 form a p-type Gao.9Ato.1N layer, doped with Mg at 
a concentration of 1 x lO^/cm 3 , having a thickness 
of 0.8 urn on the light-emitting layer. 

The annealing treatment of the second clad 
layer and fabrication of a diode from the wafer 

25 were performed following the same procedures as 
in Example 1, to prepare a blud light-emitting di- 
ode. 

The blue light-emitting diode obtained above 
exhibited the same output power, the same emis- 
30 sion peak wavelength, and the same luminance as 
in the diode of Example 7. 

Example 9 

35 A blue light-emitting diode was prepared fol- 

lowing the same procedures as in Example 7 ex- 
cept that, in the growth process of a light-emitting 
layer, the flow rate of DEZ was increased, to form 
an lno.15Gao.85N light-emitting layer doped with zinc 

40 at a concentration of 1 x 1 O^/cm 3 . 

The blue light-emitting diode thus obtained ex- 
hibited an output power of about 40% of that of the 
diode of Example 7. 

45 Example 10 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 7 ex- 
cept that, in the growth process of a second clad 
50 layer, the flow rate of Cp2Mg was decreased, to 
form a p-type GaN layer (second clad layer) doped 
with Mg at a concentration of 1 x 10 17 /cm 3 . 

The light-emitting diode exhibited an output 
power of about 10% of that of the diode of Exam- 
55 pie 7. 
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Example 11 

Cleaning of a substrate, the growth of a buffer 
layer, and the growth of a first clad layer (Si-doped, 
n-type GaN layer) were performed following the 
same procedures as in Example 1 . 

After the first clad layer was formed, a light- 
emitting layer was grown as in Example 1 except 
that diethylzinc was used, instead of 
diethycadimium, to form a Zn-doped, n-type 
lno.15Gao.s5N layer having a thickness of 100A on 
the first clad layer. The electron carrier concentra- 
tion of the n-type lno.15Gao.85N layer was 1 x 
10 19 /cm 3 . 

A second clad layer was grown following the 
same procedures as in Example 1, to form an Mg- 
doped, p-type GaN layer. The annealing treatment 
and fabrication of a diode from the wafer were 
performed as in Example 1, to prepare a light 
emitting diode. 

The light-emitting diode exhibited an output 
power of 400 uW at 20 mA. The emission peak 
wavelength was 490 nm, and the luminance was 
600 mcd. 

Example 12 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 11 
except that, in the growth process of a light-emit- 
ting layer, the flow rate of DEZ gas was adjusted, 
to form an n-type lno.15Gao.85N layer (light-emitting 
layer) having an electron carrier concentration of 4 
x 10 l7 /cm 3 . 

The light-emitting diode exhibited an output 
power of 40 uW at 20 mA. The emission peak 
wavelength was 490 nm. 

Example 13 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 11 
except that, in the growth process of a light-emit- 
ting layer, the flow rate of the DEZ gas was ad- 
justed, to form an n-type lno.15Gao.85N layer (light- 
emitting layer) having an electron carrier concentra- 
tion of 1 x IG^Vcm 3 . 

The light-emitting diode exhibited an output 
power of 40 uW at 20 mA. The emission peak 
wavelength was 490 nm. 

Example 14 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 11 
except that, in the growth process of a light-emit- 
ting layer, the flow rate of the DEZ gas was ad- 
justed, to form an n-type lno.15Gao.s5N layer (light- 



emitting layer) having an electron carrier concentra- 
tion of 1 x I0 17 /cm 3 . 

The light-emitting diode exhibited an output 
power of 4 uW at 20 mA. The emission peak 
5 wavelength was 490 nm. 

Example 1 5 

A blue light-emitting diode was prepared fol- 
70 lowing the same procedures as in Example 11 
except that, in the growth process of a light-emit- 
ting layer, the flow rate of DEZ gas was adjusted, 
to form an n-type lno.15Gao.s5N layer having an 
electron carrier concentration of 5 x 10 2 Vcm 3 . 
75 The light-emitting diode exhibited an output 

power of 4 uW at 20 mA. The emission peak 
wavelength was 490 nm. 

Example 16 

20 

A buffer layer and an n-type GaN layer were 
formed on a sapphire substrate following the same 
procedures as in Example 1 1 . 

A high-resistivity, i-type GaN layer was grown 

25 by using TMG as a gallium source, ammonia as a 
nitrogen source, and DEZ as a p-type impurity 
source. The i-type GaN layer was partially etched 
away to expose the n-type GaN layer. An electrode 
was formed on the exposed surface, and another 

30 electrode was formed on the i-type GaN layer, 
thereby preparing a light-emitting diode of a MIS 
structure. 

The MIS structure diode exhibited a radiant 
power output of 1 uW at 20 mA and a luminance of 
35 1 mcd. 

Example 17 

A blue light-emitting diode was prepared fol- 
40 lowing the same procedures as in Example 11 
except that, in the growth process of a light-emit- 
ting layer, silane gas as an impurity source was 
added, to form an n-type lno.15Gao.85N light-emitting 
layer, doped with Zn and Si, having an electron 
45 carrier concentration of 1 x 10 19 /cm 3 . 

The light-emitting diode exhibited an output 
power of 600 uW at 20 mA. The emission peak 
wavelength was 490 nm, and the luminance was 
800 mcd. 

50 

Example 18 

Cleaning of a substrate, the growth of a buffer 
layer, and the growth of a first clad layer (Si-doped 
55 GaN layer) were performed following the same 
procedures as in Example 1 . 

After the first clad layer was formed, a light- 
emitting layer was grown as in Example 1 except 
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that silane and DEZ were used, instead of diethyl- 
cadmium, to form an n-type lno.14Gao.seN layer, 
doped with Si and Zn, having a thickness of 100A 
on the first clad layer. The light-emitting layer had 
an electron carrier concentration of 1 x 10 18 /cm 3 . 

A second clad layer was grown following the 
same procedures as in Example 7, to form an Mg- 
doped (concentration of 2 x lO^/cm 3 ), p-type GaN 
layer. 

The annealing treatment and fabrication of an 
LED from the wafer were performed following the 
same procedures as in Example 1 . 

The blue light-emitting diode exhibited an out- 
put power of 580 uW at 20 mA. The luminance 
was 780 mcd, and the emission peak wavelength 
was 490 nm. 

Example 19 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 18 
except that, in the growth of a light-emitting layer, 
the flow rates of the silane gas and the DEZ gas 
were adjusted, to form an n-type lno.14Gao.86N light- 
emitting layer, doped with Si and Zn, having an 
electron carrier concentration of 1 x lO^/cm 3 

The blue light-emitting diode exhibited an out- 
put power of 590 uW at 20 mA. The luminance 
was 790 mcd, and the emission peak wavelength 
was 490 nm. 

Example 20 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 18 
except that, in the growth process of a light-emit- 
ting layer, the flow rates of the silane gas and the 
DEZ gas were adjusted, to form an n-type 
Ino.uGao.seN light-emitting layer, doped with Si and 
Zn, having an electron carrier concentration of 4 x 
10 17 /cm 3 . 

The blue light-emitting diode exhibited a ra- 
diant power output of 60 uW at 20 mA. The lu- 
minance was 80 mcd, and the emission peak 
wavelength was 490 nm. 

Example 21 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 18 
except that, in the growth process of a light-emit- 
ting layer, the flow rates of the silane gas and the 
DEZ gas were adjusted, to form an n-type 
lno.14Gao.8eN light-emitting layer, doped with Si and 
Zn, having an electron carrier concentration of 5 x 
l0 2 Vcm 3 . 

The blue light-emitting diode exhibited an out- 
put power of 6 uW at 20 mA. The luminance was 



10 mcd, and the emission peak wavelength was 
490 nm. 

Example 22 

5 

A green light-emitting diode was prepared fol- 
lowing the same procedures as in Example 18 
except that, in the growth process of a light-emit- 
ting layer, the flow rate of TMI was adjusted, to 
70 form an Si- and Zn-doped lno.25Gao.75N light-emit- 
ting layer. 

The green light-emitting layer exhibited an out- 
put power of 500 uW at 20 mA. The luminance 
was 1 ,000 mcd, and the emission peak wavelength 
75 was 510 nm. 

Example 23 

A buffer layer and an n-type GaN layer were 
20 formed on a sapphire substrate following the same 
procedures as in Example 1 1 . 

Using TMG as a gallium source, ammonia as a 
nitrogen source, and silane and DEZ as impurity 
sources, an i-type GaN layer doped with Si and Zn 
25 was formed. The i-type GaN layer was partially 
etched away to expose the n-type GaN layer. An 
electrode was formed on the exposed surface, and 
another electrode was formed on the i-type GaN 
layer, thereby preparing a light-emitting diode of a 
30 MIS structure. 

The MIS structure diode exhibited an output 
power of 1 U.W at 20 mA, and a luminance of 1 
mcd. 

35 Example 24 

Cleaning of a substrate, the growth of a buffer 
layer, and the growth of a first clad layer (Si-doped, 
n-type GaN layer) were performed following the 

40 same procedures as in Example 1 . 

After the first clad layer was formed, a light- 
emitting layer was grown as in Example 1 except 
that an n-type impurity source, silane, was used, 
instead of diethylcadmium, at an adjusted flow rate, 

45 and growth was conducted for 5 minutes, to form 
an n-type lno.15Gao.s5N light-emitting layer, doped 
with Si at a concentration of 1 x 10 20 /cm 3 , having a 
thickness of 100A on the first clad layer. 

Then, a second clad layer was grown as in 

50 Example 1 except that the flow rate of Cp2Mg was 
adjusted, to form a p-type GaN layer (second clad 
layer) doped with Mg at a concentration of 1 x 
10 18 /cm 3 . The annealing treatment and fabrication 
of a diode from the wafer were performed as in 

55 Example 1, to prepare a blue light-emitting diode. 

The light-emitting diode exhibited an output 
power of 300 U.W at 20 mA. The emission peak 
wavelength was 405 nm. 
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Example 25 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 24 
except that, in the growth process of a first clad 
layer, an Si-doped, n-type Ga 0 .gAt 0 .iN layer (first 
clad layer) having a thickness of 2 fm was formed 
following the same procedures as in Example 3, 
and in the growth process of a second clad layer, a 
p-type Gao.9Alo.1N layer (second clad layer), dop- 
ed with Mg at a concentration of 1 x 10 18 /cm 3 , 
having a thickness of 0.8 urn was formed following 
the same procedures as in Example 3. 

The light-emitting diode exhibited the same 
output power and the same emission peak 
wavelength as in the light-emitting diode of Exam- 
ple 24. 

Example 26 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 24 
except that, in the growth process of a light-emit- 
ting layer, the flow rate of silane gas was in- 
creased, to form an n-type lno.15Gao.85N layer dop- 
ed with Si at a concentration of 1 x lO^/cm 3 . 

The output of the light-emitting diode was 
about 40% of that of the diode of Example 24. 

Example 27 

A blue light-emitting diode was prepared fol- 
lowing the same procedures as in Example 24 
except that, in the growth process of a second clad 
layer, the flow rate of Cp2Mg was decreased, to 
form a p-type GaN layer doped with Mg at a 
concentration of 1 x 10 17 /cm 3 . 

The output of the light-emitting diode was 
about 20% of that of the diode of Example 24. 

Example 28 

Cleaning of a substrate and the growth of a 
buffer layer were performed following the same 
procedures as in Example 1 . 

After the buffer layer was formed, only the 
TMG flow was stopped, and the substrate was 
heated to 1,030*C. While the substrate tempera- 
ture was kept at 1,030'C, and the flow rate of 
ammonia was not changed, the flow rate of TMG 
was switched to 54 x 10~ 6 mol/min, an n-type 
impurity source, silane, was added at a flow rate of 
2 x 10~ 9 mol/min, and the growth was conducted 
for 60 minutes. Thus, n-type GaN layer (n-type 
contact layer), doped with Si at a concentration of t 
x 10 2O /cm 3 , having a thickness of 4 urn was 
formed on the GaN buffer layer. 



Then, an aluminum source, TMA, at an ad- 
justed flow rate was added, and the growth was 
conducted in a similar manner to that in Example 
3, to form an Si-doped n-type Ga0.sAi0.2N layer 

5 (first clad layer) having a thickness of 0.15 urn on 
the n-type contact layer. 

Next, a light-emitting layer was grown in the 
same procedures as in Example 17, to form an n- 
type lno.14Gao.88N light-emitting layer, doped with Si 

70 and Zn, having an electron carrier concentration of 
1 x 10 19 /cm 3 on the first clad layer. 

Subsequently, a second clad layer was grown 
for 2 minutes in a similar manner to that Example 
3, to form an Mg-doped Ga0.sAt0.2N layer having a 

75 thickness of 0.15 urn on the light-emitting layer. 

Then, only the aluminum source flow was stop- 
ped, and the growth was conducted for 7 minutes, 
to form an Mg-doped GaN layer (p-type contact 
layer) having a thickness of 0.3 um on the second 

20 clad layer. 

The annealing treatment was conducted as in 
Example 1, to convert the light-emitting layer, the 
second clad layer and the p-type contact layer into 
low-resistivity layers. 

25 From the wafer, a light-emitting diode having a 

structure of FIG. 11 was fabricated. 

This diode exhibited an output power of 700 
UW and a luminance of 1,400 mcd. The emission 
peak wavelength was 490 nm. The forward voltage 

30 was 3.3V at 20 mA. This forward voltage was about 
4V lower than that of the diode of Example 3, 8 or 
25. This lower forward voltage is due to the better 
ohmic contact between the GaN contact layers and 
the electrodes. 

35 

Claims 

1. A light-emitting gallium nitride-based com- 
pound semiconductor device having a double- 

40 heterostructure comprising: 

a light-emitting layer having first and sec- 
ond major surfaces and formed of a low-re- 
sistivity ln x Gai- x N, where 0 < x < 1, com- 
pound semiconductor doped with an impurity; 

45 a first clad layer joined to said first major 

surface of said light-emitting layer and formed 
of an n-type gallium nitride-based compound 
semiconductor having a composition different 
from that of said compound semiconductor of 

50 said light-emitting layer; and 

a second clad layer joined to said second 
major surface of said light-emitting layer and 
formed of a low-resistivity, p-type gallium 
nitride-based compound semiconductor having 

55 a composition different from that of said com- 

pound semiconductor of said light-emitting lay- 
er. 
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2. The device according to claim 1 , characterized 
in that said compound semiconductor of said 
light- mitting layer is of p-type, doped with a 
p-type impurity. 

3. The device according to claim 2, characterized 
in that said p-type impurity comprises a Group 
II element. 

4. The device according to claim 1 , characterized 
in that said compound semiconductor of said 
light-emitting layer is of n-type, doped with at 
least a p-conductivity type impurity. 

5. The device according to claim 3, characterized 
in that said impurity doped in said compound 
semiconductor of said light-emitting layer com- 
prises a p-type impurity including a Group II 
element and an n-type impurity including a 
Group IV or VI element. 

6. The device according to claim 1, characterized 
in that said compound semiconductor of said 
light-emitting layer is of n-type, doped with an 
n-type impurity. 

7. The device according to claim 6, characterized 
in that said n-type impurity comprises a Group 
IV or VI element. 

8. The device according to claim 1, characterized 
in that said compound semiconductor of said 
first clad layer is represented by the formula: 
Ga y AI i- y N, where 0 £ y £ 1. 

9. The device according to claim 1 , characterized 
in that said compound semiconductor of said 
second clad layer is represented by the for- 
mula: GazAln-zN, where 0 £ z £ 1. 

10. The device according to claim 1, characterized 
in that said light-emitting layer has a thickness 
of 10A to 0.5 urn. 

11. The device according to claim 1, characterized 
in that said double-heterostructure has an n- 
type GaN contact layer joined to said first clad 
layer, and a p-type GaN contact layer joined to 
said second clad layer. 

12. The device according to claim 1, characterized 
in that 0 £ x £ 0.5. 

13. A light-emitting gallium nitride-based com- 
pound semiconductor device having a double- 
heterostructure comprising: 

a light-emitting layer having first and sec- 
ond major surfaces and formed of a low-re- 



sistivity InxGa^xN, where 0 < x < 1, com- 
pound semiconductor doped with a p-type im- 
purity; 

a first clad layer joined to said first major 
5 surface of said light-emitting layer and formed 

of an n-type gallium nitride-based compound 
semiconductor having a composition different 
from that of said compound semiconductor of 
said light-emitting layer; and 
70 a second clad layer joined to said second 

major surface of said light-emitting layer and 
formed of a low-resistivity, p-type gallium 
nitride-based compound semiconductor having 
a composition different from that of said com- 
75 pound semiconductor of said light-emitting lay- 

er. 

14. The device according to claim 13, character- 
ized in that said p-type impurity doped in said 

20 compound semiconductor of said light-emitting 

layer comprises at least one element selected 
from the group consisting of cadmium, zinc, 
beryllium, magnesium, calcium, strontium, and 
barium. 

25 

15. The device according to claim 13, character- 
ized in that said compound semiconductor of 
said first clad layer is represented by a for- 
mula: GayAli-yN, where 0 £ y £ 1. 

30 

16. The device according to claim 13, character- 
ized in that said compound semiconductor of 
said second clad layer is represented by a 
formula: Ga z Ali- 2 N, where 0 £ z £ 1. 

35 

17. The device according to claim 13, character- 
ized in that said light-emitting layer has a 
thickness of 10A to 0.5 urn. 

40 18. The device according to claim 13, character- 
ized in that said p-type impurity doped in said 
compound semiconductor of said light-emitting 
layer comprises zinc, and a concentration of 
the zinc is 1 x 10 17 to 1 x ICPVcm 3 . 

45 

19. The device according to claim 13, character- 
ized in that said p-type impurity doped in said 
compound semiconductor of said second clad 
layer comprises magnesium, and a concentra- 

so tion of the magnesium is 1 x 10 18 to 1 x 

10 21 /cm 3 . 

20. The device according to claim 13, character- 
ized in that said second clad layer has a 

55 thickness of 0.05 urn to 1 .5 urn. 

21. The device according to claim .13, character- 
ized in that said double-heterostructure is pro- 
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compound semiconductor of said light-emitting 
layer comprises silicon, and a concentration of 
the silicon is 1 x 10 17 to 1 x 10 2 Vcm 3 . 

38. The device according to claim 35, character- 5 
ized in that said compound semiconductor of 
said first clad layer is represented by a for- 
mula: GayAtT-yN, where 0 £ y £ 1. 

39. The device according to claim 35, character- io 
ized in that said compound semiconductor of 
said second clad layer is represented by a 
formula: GazAli-zN, where 0 £ z £ 1 . 

40. The device according to claim 35, character- 75 
ized in that said light-emitting layer has a 
thickness of 10A to 0.5 urn. 

41. The device according to claim 35, character- 
ized in that said compound semiconductor of 
said second clad layer is doped with a p-type 
impurity comprising magnesium, and a con- 
centration of the magnesium is 1 x 10 18 to 1 x 
10 21 /cm 3 . 

42. The device according to claim 35, character- 
ized in that said second clad layer has a 
thickness of 0.05 to 1 .5 urn. 

43. A device according to claim 35, characterized 30 
in that said double-heterostructure is provided 

on a substrate through a buffer layer. 

44. The device according to claim 35, character- 
ized in that said double-heterostructure has an 35 
n-type GaN contact layer joined to said first 
clad layer, and a p-type GaN contact layer 
joined to said second clad layer. 

45. The device according to claim 35, character- 40 
ized in that 0 < x < 0.5. 
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